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THE TOXIC EFFECTS OF CERTAIN HEAVY METALLIC IONS 
ON SEWAGE SLIMES
CHAPTER I 
INTRODUCTION
The r e l a t i v e  e a se  and e f f i c i e n c y  o f  u s in g  b i o l o g i c a l  t r e a tm e n t  f o r  
t h e  d e g r a d a t i o n  o f  d o m e s t ic  sewage w a s te  w a te r  l e a d s  to  a s e a r c h  f o r  
m ethods o f  a p p ly in g  t h e s e  p r o c e s s e s  t o  i n d u s t r i a l  w as te  w a t e r s .  L arge  
amounts o f  t o x i c  m a t e r i a l s  i n  some i n d u s t r i a l  w a s te  w a te r s  have  r e ­
s u l t e d  i n  reduced  e f f i c i e n c y  o r  even a com ple te  c e s s a t i o n  o f  b i o l o g i c a l  
a c t i v i t y .
R esea rch  c o n c e rn in g  th e  t o x i c  e f f e c t s  o f  t h e  c o n s t i t u e n t s  o f  i n ­
d u s t r i a l  w as te  w a te r s  has been c o n c o m ita n t  w i t h  th e  p rob lem s p r e s e n te d  
by th e  i n c r e a s i n g  demands f o r  b e t t e r  w a te r .  I n c r e a s i n g  p o p u l a t i o n  and 
th e  c r e a t i o n  o f  g i a n t  i n d u s t r i a l  complexes have p roduced  an e n v ironm en t 
i n  w hich  t h e r e  i s  l i t t l e  o p p o r t u n i t y  f o r  s t r e a m s  and r i v e r s  to  r e c o v e r  
t h e i r  q u a l i t y  a f t e r  r e c e i v i n g  w a s te  w a t e r s .  Modern t e c h n o lo g y  has 
c r e a te d  new p r o d u c t s  and w a s te s  and has f u r t h e r  demanded th e  improvement 
o f  e x i s t i n g  p r o d u c t s .  The n e t  e f f e c t  has  o f t e n  been th e  c r e a t i o n  o f  
w a s te s  even more r e s i s t a n t  to  b i o l o g i c a l  t r e a t m e n t .
The m eta l  f a b r i c a t i n g  and p l a t i n g  i n d u s t r i e s  have a long  h i s t o r y  
o f  p ro d u c in g  q u a n t i t i e s  o f  w a s te  w a te r s  c o n ta i n in g  s o l u t i o n s  o f  m e t a l l i c  
io n s  t o x i c  to  s t r e a m  b i o t a .  In  some c a s e s  b o th  th e  m e t a l l i c  and
1
2n o n - m e t a l l i c  p a r t s  o f  th e  d i s s o lv e d  compounds have been t o x i c  to  the  
m ic roo rgan ism s  e s s e n t i a l  to  w a s te  t r e a tm e n t .  C upric  s u l f a t e  i s  an 
example o f  such  a compound. R in se  s o l u t i o n s  and p l a t i n g  b a th s  have been  
th e  main c o n t r i b u t o r s  o f  m e t a l l i c  io n s  to  i n d u s t r i a l  w a s t e s .  For exam ple, 
26 p e r c e n t  r e d u c t io n  i n  BOD ( b io c h e m ic a l  oxygen demand) rem oval due to  
2 mg/1 o f  chromate ion  i n  the  i n f l u e n t  w as te  s t r e a m  was r e p o r te d  a t  a 
F a i r f a x ,  C o n n e c t ic u t  sewage d i s p o s a l  and t r e a tm e n t  p l a n t ,  (1 )
The R obert  A. T a f t  S a n i t a r y  E n g in e e r in g  C e n te r  in  C i n c i n n a t i ,  Ohio 
has  r e c e n t l y  com pleted  a s e r i e s  o f  i n v e s t i g a t i o n s  i n t o  th e  t o x i c  e f f e c t s  
o f  s e v e r a l  m e t a l l i c  ions  on models o f  a c t i v a t e d  s lu d g e  and s lu d g e  d i ­
g e s t i o n  sy s te m s .  (2 )  O th e r  s t u d i e s  have been made o f  th e  e f f e c t s  o f  
m e t a l l i c  io n s  on th e  e c o l o g i c a l  b a la n c e  o f  s t r e a m s ,  r i v e r s ,  and l a k e s .  ( 3 )  
T o le ra n c e  l e v e l s  o f  d i f f e r e n t  s p e c i e s  o f  a q u a t i c  l i f e  t o  d i s s o l v e d  m e ta ls  
have been d e te rm in e d  i n  some c a s e s .  Chromate w a s te s  i n  c o n c e n t r a t i o n s  as  
low as  0 ,03  mg/1 a r e  t o x i c  to  Daphnia m agna, an im p o r ta n t  f i s h  food i n  
s t r e a m s  and an index  o f  f i s h  t o x i c i t y .  (4 )  As l i t t l e  as  0 .1  mg/1 o f  
chrom ate i n  d r in k in g  w a te r  e x h i b i t s  a to x ic  e f f e c t  on humans. (5 )  The 
U n ited  S t a t e s  P u b l ic  H e a l th  S e rv ic e  recommends a c o n c e n t r a t i o n  o f  c h ro ­
mate no g r e a t e r  th an  0 .0 3  mg/1 as a c r i t e r i a  f o r  p o t a b l e  w a t e r .  (6 )
In  any b i o l o g i c a l  sys tem  t h e r e  a r e  i n t e r a c t i o n s  betw een th e  in h a b -  
I i t a n t s  and th e  e n v iro n m en t .  T ox ic  m a t e r i a l s  p r e s e n t  i n  the  environm ent
w i l l  tend to  i n h i b i t  b i o l o g i c a l  a c t i v i t y .  The t o x i c  m a t e r i a l s  w i l l  in  
t u r n  be removed from th e  env ironm ent by th e  b i o l o g i c a l  a c t i v i t y  o r  the  
b y -p ro d u c ts  o f  t h i s  a c t i v i t y .  A l though  th e  two i n t e r a c t i o n s  a r e  un­
d o u b te d ly  dependen t upon one a n o th e r ,  th e  i n v e s t i g a t i o n  r e p o r te d  h e re  
a t t e m p t s  to  s tu d y  o n ly  t h e  t o x i c  e f f e c t  o f  some o f  th e  im p o r ta n t  m e t a l l i c
3io n s  found in  i n d u s t r i a l  w a s te  w a te r s .  The io n s  under  i n v e s t i g a t i o n  a re  
h e x a v a le n t  chromium, d i v a l e n t  copper  and n i c k e l ,  i n  t h e  form s o f  p o t a s ­
sium ch rom ate ,  copper s u l f a t e ,  and n i c k e l  n i t r a t e .  T hese  m e t a l l i c  ions  
a re  o f  p a r t i c u l a r  i n t e r e s t  b e c au se  th e y  a r e  th e  ones most f r e q u e n t l y  found 
i n  i n d u s t r i a l  p l a t i n g  w a s t e s .  The s tu d y  o f  th e  r a t e  o f  removal o f  th e s e  
m e t a l l i c  ions  by th e  m ic roo rgan ism s  found in  a w a s te  w a te r  t r e a tm e n t  p l a n t  
i s  l e f t  to  f u t u r e  r e s e a r c h .
I n d u s t r i a l  w as te  w a te r s  may a r r i v e  a t  a t r e a tm e n t  p l a n t  c o n t i n ­
u o u s ly  or in  s lu g  d o s e s .  I n  g e n e r a l ,  s lu g  d o s e s  tend  to  c o n ta i n  the  
g r e a t e r  c o n c e n t r a t i o n s  o f  t o x i c  m a t e r i a l s .  The damaging e f f e c t s  o f  mas­
s iv e  s lu g  d o se s  o f  t o x i c  w a s te s  a r e  o f t e n  e l im in a te d  by s lo w ly  r e l e a s i n g  
th e  w a s te s  from  h o ld in g  t a n k s .  Because  o f  equipm ent c o s t s  f o r  such an 
i n s t a l l a t i o n  many sm a l l  i n d u s t r i e s  dump t h e i r  w a s te s  d i r e c t l y  i n to  th e  
sew ers ;  th e s e  w a s te s  a r r i v e  a t  th e  t r e a tm e n t  p l a n t  as  s lu g s ,  o f t e n t im e s  
u n e x p e c te d  and u n d e te c te d .  The s tu d y  o f  s lu g  d o se s  o f  t o x ic  m a t e r i a l s  i s  
th u s  j u s t i f i e d  by t h i s  p r a c t i c e .
In  t h e  e a r l y  1950 ' s  s t u d i e s  o f  th e  w as te  w a te r s  g e n e ra te d  by U, S, 
A i r  Force  M ain tenance  I n s t a l l a t i o n s  were begun, ( 4 )  Some o f  th e s e  
s t u d i e s  were concerned  w i t h  p l a t i n g  w a s te s  from j e t  eng ine  m ain tenance  
shops and th e  chrom ate w a s t e s  from  a i r  c o n d i t io n in g  c o o l in g  to w e rs .  To 
e v a lu a te  e f f e c t s  o f  th e s e  w a s te s  on sewage s l im e s  a means to  s im u la te  
b i o l o g i c a l  t r e a tm e n t  had to  be d e v i s e d .  T h is  was done by R e id ,  ^  (7 )
A l a b o r a t o r y  a rrangem en t f o r  growing a t t a c h e d  s l im e s  s im u la te d  a t r i c k ­
l i n g  f i l t e r .  T h is  model c o n s i s t e d  o f  sm a ll  g l a s s  drums r o t a t i n g  in  a 
n u t r i e n t  b r o th  c o n ta i n in g  a r a d i o a c t i v e  t r a c e r .  The r a t e  o f  removal o f  
rad io p h o sp h o ro u s  by th e  a t t a c h e d  s l i m e s ,  a s  m easured w i th  a G e ig e r -  
M u e l le r  tu b e  and s c a l a r ,  was c o r r e l a t e d  to  the  grow th o f  t h e  s lim e
4p ro d u c in g  m ic ro o rg a n is m s .  D ecrease  i n  g row th  r a t e s  due t o  t h e  p r e s e n c e  
o f  m e t a l l i c  io n s  was i n t e r p r e t e d  a s  e v id e n c e  o f  t o x i c i t y .  T hese  s t u d i e s  
i n d i c a t e  t h e  e x i s t e n c e  o f  a q u a n t i t a t i v e  r e l a t i o n s h i p  be tw een  grow th  r a t e s  
and c o n c e n t r a t i o n s  o f  m e t a l l i c  io n s  p r e s e n t .
The c u r r e n t  s tu d y  a t t e m p t s  to  c o r r a b o r a t e  p r e v i o u s  r e s u l t s  and 
d e p i c t  and e x p l a i n  th e  e f f e c t s  o f  a s u b s t r a t e  c o n ta i n in g  known amounts 
o f  m e t a l l i c  io n s  on c o n v e n t io n a l  w a s te  t r e a tm e n t  p r o c e s s e s .
L i t e r a t u r e  Survey  
R e id ,  e t  a l .  (8 )  i n v e s t i g a t e d  th e  e f f e c t s  o f  m e t a l l i c  i o n s  f e d  i n  
c o n t in u o u s  d o s e s  t o  a t t a c h e d  s l im e s .  The s l im e s  d e m o n s t ra te d  an  a b i l i t y  
t o  a c c l im a te  t o  th e  m e t a l l i c  i o n s .  Low c o n c e n t r a t i o n s  o f  ch rom ate  i o n s ,
2 and 5 m g/1, had a s t i m u l a t i n g  e f f e c t .  T h is  e f f e c t  has  been n o te d  by 
o t h e r s .  ( 9 )  C o n c e n t r a t i o n s  as  h ig h  as  60 mg/1 o f  chrom ate  io n  had no 
d e t r i m e n t a l  e f f e c t  on th e  a t t a c h e d  s l i m e s .  Shock e f f e c t s  were n o te d  when 
u n a c c l im a te d  s l im e s  were f i r s t  p la c e d  i n  s u b s t r a t e s  c o n ta i n in g  t h e  m e ta l ­
l i c  i o n s .
Reid  ( 4 )  i n  a s tu d y  o f  i n d u s t r i a l  w as te  w a te r s  p roduced  a t  T in k e r  
A i r  F o rce  B ase ,  Oklahoma, d e te rm in e d  th e  t o x i c i t y  o f  c o p p e r ,  h e x a v a le n t  
chromium, n i c k e l  and o t h e r  m e ta ls  u s in g  s lu g  d o s e s .  C o n c e n t r a t i o n s  as  
h ig h  as 3 mg/1 o f  th e  v a r io u s  m e t a l s ,  s i n g l y  and i n  c o m b in a t io n ,  were 
s tu d i e d  w i t h  r e d u c t io n s  i n  e f f i c i e n c y  up to  73 ,5  p e r c e n t  o c c u r r in g ,  as  
shown in  T a b le  1. Here "K" i s  a measure o f  th e  growth r a t e  o f  th e  a t ­
tac h e d  s l im e s  and w i l l  be f u l l y  e x p la in e d  l a t e r .  As can  be se e n  from  
T a b le  1, s m a l l  c o n c e n t r a t i o n s  o f  m e t a l l i c  io n s  p roduce  a  l a r g e  t o x i c  e f ­
f e c t  on a t t a c h e d  s l i m e s .
T h is  s tu d y  i s  concerned  w i t h  t h i s  d e c r e a s e  in  e f f i c i e n c y  o r  g row th
5r a t e  due t o  th e  i n i t i a l  shock upon r e c e i v i n g  s l u g  d oses  o f  m e t a l l i c  i o n s .  
Reid ( 4 )  s tu d i e d  s lu g  c o n c e n t r a t i o n s  as  h ig h  a s  3 mg/1; th e  c u r r e n t  s tu d y  
in v o lv e s  c o n c e n t r a t i o n s  up to  10 mg/1 in  s l u g s .
TABLE 1
PERCENTAGE DECREASE IN "K" VALUES IN 
THE PRESENCE OF METALLIC IONS
C o n c e n t r a t io n
(ppm) Chromate Cadmium Copper N ic k e l Aluminum S i l v e r
0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 ,00 0 .0 0 0 ,0 0
0 .5 0 2 ,3 0 50 .50 2 3 .00 31 ,00 40 ,30
1 .0 0 2 1 ,80 63.00 2 5 .3 0 45 .00 49 ,50
1 .5 0 5 0 .5 0 73 .50 5 4 .0 0 2 5 ,3 0 5 2 ,00 61.00
2 .0 0 38 .00
3 .0 0 57 .50
R e s e a rc h e r s  a t  th e  R o b e r t  A, T a f t  S a n i t a r y  E n g in e e r in g  C e n te r  in  
C i n c i n n a t i ,  Ohio  s tu d i e d  th e  e f f e c t s  o f  heavy m e t a l s ,  chromium, co p p e r ,  
n i c k e l ,  and z in c  on b i o l o g i c a l  t r e a tm e n t  p r o c e s s e s  and compared t h e i r  
r e s u l t s  w i th  f i e l d  s t u d i e s  on o p e r a t i o n a l  t r e a tm e n t  p l a n t s ,  (1 0 ,  2 , 11, 
12, 13) Most o f  t h e i r  work was done w i th  c o n t in u o u s  d o sa g es  o f  th e  
m e t a l l i c  ions  as opposed to  s lu g  o r  b a tc h  d o s e s .  They used sys tem s which 
had been  a c c l im a te d  to  th e  t o x i c  io n s  b e in g  s t u d i e d — c o p p e r ,  ch rom ate ,  
n i c k e l ,  and z i n c .  I n d i v i d u a l  s t u d i e s  w ere made, o f  th e  v a r i o u s  i o n s .  
R e s u l t s  i n d i c a t e  t h a t  i n i t i a l l y  t o x i c i t y  i n c r e a s e s  w i t h  c o n c e n t r a t i o n ,  
b u t  soon  l e v e l s  o f f  to  form  a p l a t e a u  w i t h  l i t t l e  f u r t h e r  d e c r e a s e  in  
t o x i c i t y ;  th e  p l a t e a u  ends a t  much h ig h e r  c o n c e n t r a t i o n s .  As s e e n  in  
F ig u r e  1, th e  t o x i c  e f f e c t  i n c r e a s e s  s h a r p l y  a g a in  a t  th e  end o f  th e  
p l a t e a u .  The a u th o r s  gave no i n d i c a t i o n  o f  th e  range  o f  v a lu e s  f o r  t h i s
f i g u r e ,  b u t  th e  t o x i c  e f f e c t  i s  r e p o r te d  as  th e  p e rc e n ta g e  r e d u c t io n  in  
BOD removal by th e  system  u n d e r  c o n s i d e r a t i o n .  There  i s  no e v id e n c e  o f  
a p l a t e a u  i n  th e  d a t a  g iv e n  in  T ab le  1 b u t  c o n c e n t r a t i o n s  go o n ly  a s  h igh  
as 3 m g/1. P e rh a p s  th e  p l a t e a u  b e g in s  a t  some h ig h e r  c o n c e n t r a t i o n .
C o n c e n t r a t io n  o f  T ox ic  M e ta l l i c  Io n s  
(mg/1)
•rlO•H
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bDa
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F ig u re  1 . — R ed u c tio n  i n  BOD Removal
Over 90 p e r c e n t  o f  the  z in c  in t ro d u c e d  t o  the  sy s tem  was c o n v e r te d  
t o  an i n s o l u b l e  form by th e  c h e m ica l  and p h y s i c a l  a c t i o n s  o f  th e  sewage 
and th u s  was removed as  a t o x i c a n t .  The sy s te m  a c c l im a te d  i t s e l f  t o  th e  
rem ain ing  s o lu b le  z i n c .  T h is  a c c l im a t i o n  was e v id e n t  f o r  c o n c e n t r a t i o n s  
o f  z in c  cy an id e  as h ig h  as  20 m g/1, The m icroo rgan ism s  co u ld  n o t  a c c l i ­
mate to  d o se s  o f  z in c  s u l f a t e  as low as 10 m g/1. S lug o r  b a tc h  d o s e s  o f  
a l l  m e ta ls  as cyan ide  complexes were a l s o  s t u d i e d ;  cy a n id e  t o x i c i t y  was 
overwhelming and c o m p le te ly  o b scu red  th e  t o x i c i t y  o f  th e  m e t a l s .  A c c l i ­
m ation  to  co n tin u o u s  sm a l l  do sag es  o f  m e ta ls  o f f e r e d  l i t t l e  o r  no p r o ­
t e c t i o n  from  l a r g e  s lu g  d o s e s .
7In  th e  T a f t  C e n te r  ex p e r im e n ts  w i th  c o p p e r ,  b o th  cy a n id e  and s u l ­
f a t e  compounds were used w i th  c o n t in u o u s  d o s in g .  L o sse s  in  e f f i c i e n c y  up 
to  7 p e r c e n t  were n o ted  f o r  c o n c e n t r a t i o n s  from  10 to  25 m g/1. The g r e a t ­
e s t  l o s s  o f  e f f i c i e n c y  was found to  o ccu r  w i th  t h e  h ig h e r  c o n c e n t r a t i o n s  
o f  c u p r ic  io n .  A c c l im a t io n  r e s u l t e d  a f t e r  48 to  100 ho u rs  o f  c o n ta c t .
I t  was f u r t h e r  no ted  t h a t  th e  s u l f a t e  ion  was adso rbed  by t h e  b i o l o g i c a l  
mass and s lo w ly  r e l e a s e d  so a s  to  e x e r t  a t o x ic  e f f e c t  long  a f t e r  th e  
t o x i c  s u b s t r a t e  was removed from  th e  sy s tem  and r e p la c e d  by a n o n - to x ic  
s u b s t r a t e .  A p p a re n t ly  t h e  cyan ide  io n  was d e g ra d a b le  and posed  no s p e c i a l  
p ro b lem . ( HCN— + CO^ + NO^
C ontinuous  d o s e s  o f  n i c k e l  i n  e x c e s s  o f  2 .4  mg/1 e x h ib i t e d  t o x i c  
e f f e c t s .  The e x p e c t a t i o n  t h a t  i n c r e a s e d  s u l f i d e  c o n c e n t r a t i o n  i n  the  
i n f l u e n t  s tre a m  would cause  p r e c i p i t a t i o n  o f  n i c k e l  s u l f i d e  and a r e ­
s u l t i n g  d e c re a s e  i n  t o x i c i t y  was n o t  r e a l i z e d .
When chromium was in t r o d u c e d  as p o ta s s iu m  ch rom ate  o n ly  a s l i g h t  
d e c r e a s e  in  e f f i c i e n c y  was n o ted  even f o r  c o n c e n t r a t i o n s  o f  chrom ate  ion  
as h ig h  as 400 mg/1. At 500 mg/1 chrom ate io n  c o n c e n t r a t i o n  in c r e a s e d  
t u r b i d i t y  and suspended  s o l i d s  were n o ted  w i th  th e  e f f e c t  b e in g  e v id e n t  
up to  24 hours  a f t e r  th e  s lu g  p a s se d  th ro u g h  th e  sys tem .
I n c r e a s e d  ammonium io n  c o n c e n t r a t i o n  was n o ted  in  th e  e f f l u e n t  in  
a l l  c a s e s .  T o x i c i t y  i s  ev idenced  by th e  i n h i b i t i o n  o f  th e  n i t r i f y i n g  
p r o c e s s .  The d e c re a s e  in  n i t r i f i c a t i o n  due t o  th e  p re s e n c e  o f  chrom ate 
io n  was obse rved  f o r  as  long  as 10 days  a f t e r  a s lu g  had p a s se d  th ro u g h  
th e  a c t i v a t e d  s ludge  u n i t .  T h is  e f f e c t  o c c u r re d  f o r  th e  s m a l l e s t  con­
c e n t r a t i o n s  o f  chrom ate  ion  t e s t e d ,
I n g o ls  and F e tn e r  r e p o r t  extrem e b u lk in g  and a c c u m u la t io n  o f  f i l a ­
m entous growth due t o  chrom ate ions  in  t h e  s u b s t r a t e  o f  an e x p e r im e n ta l
a e r o b i c  w as te  t r e a tm e n t  u n i t .  ( 1 4 )  They a l s o  r e p o r t  an in c r e a s e  in  
t o x i c i t y  w i th  d e c r e a s in g  n u t r i e n t  s t r e n g t h ,  R e id ,  e t  in  t h e i r  s t u d i e s
u s in g  c o n t in u o u s  f e e d i n g  and t o x i c  d o s in g  o f  a t t a c h e d  s l im e s  make th e  same 
o b s e r v a t i o n ,  (8 )  T o x i c i t y  i n  a s u b s t r a t e  c o n ta in in g  a f i x e d  food concen­
t r a t i o n  was much l e s s  th a n  was found in  b a t c h  s t u d i e s  where food concen­
t r a t i o n  c o n s t a n t l y  d e c r e a s e s ,
Kugelman and McCarty r e p o r t  t h e i r  f i n d i n g s  t h a t  t o x i c i t y  i n c r e a s e s  
w i t h  i n c r e a s i n g  v a le n c e  and i n c r e a s i n g  atom ic w e ig h t  o f  d i s s o l v e d  m e ta l .  
(1 5 )  They a l s o  d i s c u s s  t h e  cause  o f  th e  t o x ic  e f f e c t  o f  c a t i o n s .  One 
th e o r y  advanced  s t a t e s  t h a t  t o x i c i t y  r e s u l t s  when an enzyme n e c e s s a ry  
f o r  m e tabo lism  u n i t e s  w i t h  a m e t a l l i c  io n .  S t im u la t io n  o c c u r s  when th e  
m e t a l l i c  io n  a c t s  as  an enzyme a c t i v a t o r ;  when a l l  o f  t h i s  enzyme p r e s e n t  
i s  a c t i v a t e d  th e  m e ta l  th e n  u n i t e s  w i t h  some o t h e r  enzyme. The removal 
o f  t h i s  second enzyme from th e  m e ta b o l i c  pathw ay c a u s e s  i n h i b i t i o n  o f  
g row th  o r  r e p r o d u c t i o n  o r  b o th .  P e rh a p s  a c c l im a t i o n  i s  th e  r e s u l t  o f  
i n c r e a s e d  p r o d u c t i o n  o f  an  a d a p t iv e  enzyme which r e a c t s  w i th  th e  p r e v i ­
o u s ly  t o x i c  m e t a l l i c  io n .  A l though  th e  s tu d y  was r e s t r i c t e d  t o  th e  
a n a e r o b ic  p r o c e s s ,  th e  o b s e r v a t io n s  seem r e l e v a n t ,
H e u k e lek ia n  and Geliman used  th e  Warburg R e s p i ro m e te r  t o  m easure 
th e  t o x i c  e f f e c t s  o f  c e r t a i n  m e ta l  io n s  on b io c h e m ic a l  o x i d a t io n .  (16 )  
V a r io u s  d o se s  o f  m e ta ls  were in t r o d u c e d  i n t o  f i l t e r e d  sewage sam ples and 
th e  oxygen u t i l i z a t i o n  m easured o v e r  a p e r io d  o f  d a y s .  R e s u l t s  were r e ­
p o r t e d  a s  th e  c u m u la t iv e  p e r c e n t  oxygen used as  compared w i th  th e  oxygen 
used i n  5 days by th e  c o n t r o l  sam ple .  E x te n s iv e  com parisons  a re  d i f f i c u l t  
b ecau se  t h e  on ly  c o n c e n t r a t i o n  o f  io n s  common t o  a l l  t h e  m e ta ls  s tu d i e d  
i s  10 m g/1, T ab le  2 and F ig u re  2 show th e  r e s u l t s  f o r  t h e  c o n t r o l  sample 
and th e  m e ta l s  c o p p e r ,  h e x a v a le n t  chromium and n i c k e l  a t  a c o n c e n t r a t i o n
o f  10 m g/1 . The g ra p h s  i n  F ig u re  2 i n d i c a t e  t h e  e a r l y  shock e f f e c t  due 
to  b o th  n i c k e l  and c o p p e r .  T h e re  was so l i t t l e  d i f f e r e n c e  betw een th e  
g rap h s  o f  t h e s e  two m e ta l s  t h a t  th e y  o v e r l a p  and have been  p l o t t e d  a s  one 
l i n e .  The chrom ate io n  shows l i t t l e  t o x i c  e f f e c t ,
TABLE 2
CUMULATIVE PERCENT OXYGEN USED BY VARIOUS 
SEWAGE SAMPLES CONTAINING METALLIC IONS
Time
( d a y s ) C o n t r o l
Copper 
10 mg/1
Chromate 
10 mg/1
N ic k e l  
10 mg/1
0 .7 5 47 e 0 40 9 n
1 58 3 49 8
1 .25 64 10 • • 11
2 81 51 68 48
3 91 61 81 61
4 96 64 90 65
5 100 66 97 68
100 - -
^  40 --
20 -  -,
Days
C o n t ro l  Sangle
- e ------ e — © -
Sample C o n ta in in g  
Chromate
- A  A A-
Sançîles C o n ta in in g  
Copper o r  N icke l
vs.
F ig u r e  2 . —Oxygen Uptake by Sewage Samples 
C o n ta in in g  Copper, Chrom ate, and 
N ic k e l  Io n s
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T ab le  3 g iv e s  th e  p e r c e n t  oxygen used  by v a r io u s  c o n c e n t r a t i o n s  o f  
c o p p e r ,  chrom ate , and n i c k e l  i n  5 d a y s .  F ig u re  3 i s  a g r a p h i c a l  r e p r e ­
s e n t a t i o n  o f  th e  d a t a .  A p l a t e a u  i s  n o ted  betw een c o n c e n t r a t i o n s  o f
TABLE 3
PERCENT OXYGEN UPTAKE IN FIVE DAYS BY SEWAGE 
SAMPLES CONTAINING METALLIC IONS
C o n c e n t r a t io n
(mg/1) Copper Chromate N ic k e l
0 100 100 100
1 78 • • « •
2 .5 72 • « • •
5 68 • • • (1
10 66 97 68
25 66 90 8
50 5 85 5
a  60. _
a  4 0 -
40 5020 3010
Copper
- e -— ©-
Chromate
A  -A .
N ic k e l
- e — e -
C o n c e n t r a t io n  o f  M e t a l l i c  Ions  
(mg/1)
F ig u re  3.-—Oxygen Uptake by Sewage Samples C o n ta in in g  
V a r io u s  M e t a l l i c  Io n  C o n c e n t r a t io n s
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5 and 30 mg/1 o f  c o p p e r .  The shape o f  t h i s  curve  i s  s i m i l a r  to  t h a t  in  
F ig u re  1, page 6. Chromate t o x i c i t y  a p p e a rs  t o  i n c r e a s e  l i n e a r l y ,  n i c k e l  
t o x i c i t y  i n c r e a s e s  r a p i d l y  and th e n  l e v e l s  o f f .  P o s s i b l y  some r e s i s t a n t  
s p e c i e s  s u rv iv e  a t  h igh  n i c k e l  c o n c e n t r a t i o n s  b u t  do n o t  m u l t i p l y .  The 
d a t a  o b ta in e d  by H e u k e lek ia n  f o r  copper and n i c k e l  i s  i n  c o n t r a d i c t i o n  
to  t h a t  r e p o r te d  by A lb e r ty  (20 )  and to  t h a t  o b ta in e d  i n  th e  c u r r e n t  
s tu d y .
A lth o u g h  th e  e n g in e e r in g  l i t e r a t u r e  abounds w i th  r e f e r e n c e s  to  th e  
t o x i c i t y  o f  i n d u s t r i a l  w a s te s  l i t t l e  i s  s a id  a b o u t  th e  r e a s o n s  f o r  t h i s  
t o x i c i t y  and a s e a r c h  o f  t h e  j o u r n a l s  o f  th e  " p u re "  s c ie n c e s  must be made. 
Many c i t a t i o n s  a re  n o te d  about t o x i c i t y  and g row th , m e ta b o l i c  and enzy­
m a t ic  i n h i b i t i o n .  However, much o f  th e  work i s  ex tre m e ly  s p e c i f i c  and a 
c o n s id e r a b l e  amount o f  r e a d in g  and i n t e g r a t i n g  i s  n e c e s s a ry  to  s e p a r a t e  
th e  s u p e r f lu o u s  from th e  r e l e v a n t  to  p ro v id e  an o v e r a l l  p i c t u r e  o f  b a s i c  
c o n c e p ts .
The g e n e ra l  concensus o f  th e  a u th o r s  r e s e a rc h e d  i s  t h a t  m ost 
t o x i c i t y  i s  due t o  enzyme i n h i b i t i o n .  T here  a re  s e v e r a l  k in d s  o f  i n h i ­
b i t i o n  d i s c u s s e d  in  th e  l i t e r a t u r e ,  some seem t o  be o f  concern  i n  th e  
c u r r e n t  s tu d y .  (1 7 )
C o m p e ti t iv e  i n h i b i t i o n  r e f e r s  to  a r e v e r s i b l e  r e a c t i o n  i n  w hich  an 
enzyme and an i n h i b i t o r  a re  combined. U s u a l ly  th e  enzyme i s  c a p a b le  o f  
a c t i v a t i n g  s e v e r a l  r e l a t e d  compounds, o n ly  one o f  w hich  i s  s p e c i f i c  f o r  
th e  d e s i r e d  r e a c t i o n .  A n e c e s s a r y  c h a r a c t e r i s t i c  o f  c o m p e t i t iv e  i n h i b i ­
t i o n  i s  th e  d e c re a s e  in  i n h i b i t o r y  e f f e c t  w i th  an i n c r e a s e  in  s u b s t r a t e  
c o n c e n t r a t i o n .  C o m p e t i t iv e  i n h i b i t i o n  was n o ted  by R e id .  (8 )  He found 
e v id e n c e  t h a t  e x c e s s  food reduced  th e  t o x i c  e f f e c t  o f  heavy m e t a l l i c  
io n s .  The a c t i o n  o f  s u c c i n i c  dehydrogenase  on s u c c i n i c  a c id  to  fo rm
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fu m a r ic  a c id  i s  c o m p e t i t i v e l y  i n h i b i t e d  by m alon ic  a c id .  The r e a c t i o n  
i s  i n d i c a t e d  by:
OOOH ÇOOHC(
I  I
Œ .  Cl
h
H
Dehydrogenase ^
2 L"
S u c c in ic
)H œOH
S u c c in ic  Acid F um aric  Acid
M alon ic  a c id  h as  a s t r u c t u r e  s u f f i c i e n t l y  s i m i l a r  to  s u c c i n i c  a c id  to
" t i e  u p ” th e  dehy d ro g en ase :
COOH
I
f z
COOH
N o n -c o m p e t i t iv e  i n h i b i t i o n  o c c u rs  when an i n h i b i t o r  combines w i th  
a n o n - r e a c t i v e  s i t e  on e i t h e r  an  enzyme o r  s u b s t r a t e  m o le c u le .  I t  i s  
g e n e r a l l y  a n o n - r e v e r s i b l e  r e a c t i o n ;  s u b s t r a t e  c o n c e n t r a t i o n  has  no 
e f f e c t  on th e  amount o f  i n h i b i t i o n .  The i n h i b i t o r  may a l s o  combine w i th  
th e  enzyme s u b s t r a t e  complex and le a d  t o  d e c re a s e d  d i s s o c i a t i o n  o f  th e  
com plex . l o d o a c e t i c  a c id  combines w i th  a s u l f h y d r o y l  group to  i n h i b i t  
th e  a c t i o n  o f  t r i o s e  p h o sp h a te  dehyd rogenase  in  t h e  Embden-Meyerhoff 
pa thw ay o f  g lu c o s e  m etab o lism .
I r r e v e r s i b l e  p r o t e i n - i n h i b i t o r  r e a c t i o n s  can a l s o  o c c u r .  These 
r e a c t i o n s  may cause  p r o t e i n  d é n a t u r a t i o n ,  h y d r o ly s i s  o r  o x i d a t io n ,  e f ­
f e c t i v e l y  removing th e  p r o t e i n  and i t s  a s s o c i a t e d  enzyme from  th e  met­
a b o l i c  r e a c t i o n .  Q u a te rn a ry  ammonium compounds, such a s  c e ty lp y r id in iu m  
c h l o r i d e ,  a re  exam ples o f  i n h i b i t o r s  w hich u t i l i z e  t h i s  mode o f  a c t i o n .  
S i l v e r  form s c o l l o i d a l  compounds w i th  p r o t e i n s  i n  th e  c e l l  t o  p roduce  
b a c t e r i o s t a s i s .
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S i z e r  (18 )  d i s c u s s e s  enzyme i n h i b i t i o n  by m e ta ls  and d e f i n e s  and 
i l l u s t r a t e s  c o m p e t i t iv e  and n o n - c o m p e t i t iv e  i n h i b i t i o n  by th e  use  o f  a 
g r a p h ,  rep roduced  i n  F ig u re  4 . The t h r e e  cu rv es  s u c c i n c t l y  i l l u s t r a t e
V
Max.
w
44  1)
S u b s t r a t e  C o n c e n t r a t io n  (mg/1)
■O'— G-  No i n h i b i t o r s  p r e s e n t  
■A  -- A - C o m p e t i t iv e  i n h i b i t i o n  
^  ■■ ^  N o n -c o m p e t i t iv e  i n h i b i t i o n
F ig u r e  4 .— E f f e c t s  o f  S u b s t r a t e  C o n c e n t r a t io n  on I n h i b i t i o n
th e  d e f i n i t i o n s  g iv e n  in  th e  p r e v i o u s  p a r a g r a p h s .  The c o m p e t i t iv e ly  
i n h i b i t e d  r e a c t i o n  e v e n t u a l l y  r e a c h e s  th e  maximum v e l o c i t y ;  th e  r e a c t i o n  
w hich  i s  n o n - c o m p e t i t i v e ly  i n h i b i t e d  nev e r  r e a c h e s  t h i s  v e l o c i t y .
A cco rd in g  t o  S i z e r ,  t h e r e  a re  two modes o f  enzyme i n h i b i t i o n  by 
m e t a l s ,  f o rm a t io n  o f  m eta lloenzym es  and th e  f o rm a t io n  o f  m eta l  enzyme 
com plexes .  M etalloerizym es a r e  f i r m ly  bound m e t a l - p r o t e i n  m o le c u le s  w i th  
th e  m e ta l  b e in g  found a t  th e  a c t i v e  p r o t e i n  s i t e s .  P r o t e i n s  w i th  h igh  
a f f i n i t y  f o r  m e ta l s  o f te n  fo rm  th e s e  com plexes . The i n h i b i t i o n  o f  oxygen
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t r a n s p o r t  when c a rb o n  monoxide a t t a c h e s  i t s e l f  to  m e ta l l o p o r p h y r in  in  th e  
hem oglobin  i s  an exam ple .
More im p o r ta n t  i n  th e  p r e s e n t  s tu d y  i s  t h e  fo rm a t io n  o f  l o o s e l y  
bound m eta l-enzym e com plexes w hich o f t e n  c o m p le te ly  remove th e  r e a c t a n t s  
from  th e  sy s tem , u s u a l l y  by d i a l y s i s  o r  c h e l a t i o n .  F l u o r i d e  i n h i b i t i o n  
o f  th e  magnesium a c t i v a t i o n  o f  e n o la s e  and th e  sodium rep la ce m e n t  o f  
p o ta s s iu m '- in  g l y c o l y s i s  a r e  g iv en  a s  exam ples .
Melroy and Spencer  s tu d i e d  th e  e f f e c t s  o f  u n f a v o r a b le  env ironm en ts  
on u n i c e l l u l a r  s p e c i e s  and conc luded  t h a t  th e  a d a p t iv e  enz-ymes made i t  
p o s s i b l e  f o r  th e  s u r v i v a l  o f  a s t r a i n  o f  m ic roorgan ism s  f o r  s h o r t  p e r i o d s  
o f  t im e ,  b u t  c o n t in u o u s  exposu re  would e v e n t u a l l y  d e s t r o y  the  s p e c i e s .  
I n t e r m i t t e n t  e xposu re  and re c o v e ry  p e r io d s  p ro lo n g e d  th e  l i f e  o f  t h e  
s t r a i n  b u t  d id  n o t  p ro d u ce  im m o r t a l i ty .  The c u l t u r e s  d ie d  when l a t e r
exposed  c o n t in u o u s ly  to  the  u n f a v o r a b le  e n v iro n m en t ,  (1 9 )  Reid r e p o r t s
s i m i l a r  f i n d  i n g s , (8 )
A l b e r t  in  an e a r l y  s tu d y  w h ich  p rec e d e d  h i s  book S e l e c t i v e  T o x i c i t y  
s u g g e s t s  t h a t  a m in o -a c id s  form s t a b l e  compounds w i th  v a r io u s  heavy m e ta l s .  
The o r d e r  o f  s t a b i l i t y  i s  g iv en  a s ;
CU++ >  Ni++ > Zn""* > Co++ > Cd++ > Fe++ > Mn++ > Mg++ 
C o m p e ti t io n  i n  s o l u t i o n s  c o n ta i n in g  m ix tu r e s  o f  th e  m e t a l l i c  io n s  i s  
p r o p o r t i o n a l  to  th e  r e l a t i v e  s t a b i l i t y .  (2 0 )  T h is  conforms to  th e  o b s e r ­
v a t i o n s  o b ta in e d  in  t h i s  i n v e s t i g a t i o n .
I n  summary, most o f  t h e  p r e v io u s  i n v e s t i g a t i o n s  o f  t h e  t o x i c  e f f e c t  
o f  m e t a l l i c  io n s  on th e  b i o l o g i c a l  t r e a tm e n t  o f  i n d u s t r i a l  w as te  w a te r s  
have s tu d ie d  th e  a c t i v a t e d  s ludge  p r o c e s s  o r  th e  a n a e ro b ic  d i g e s t i o n  p r o c ­
e s s ,  I n  R e i d ' s  s t u d i e s  ( 4 ,  8) o f  a t t a c h e d  s l im e s ,  s lu g  d o se s  were in v e s ­
t i g a t e d  f o r  low c o n c e n t r a t i o n s  o f  i o n s ,  up to  3 mg/1, The s tu d y  o f
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c o n t in u o u s  d o s in g  used h ig h e r  c o n c e n t r a t i o n s „ No r e p o r t s  o f  s t u d i e s  o f  
m ix tu re s  o f  m e t a l l i c  io n s  have been  found in  th e  l i t e r a t u r e .  Some s t u d i e s  
o f  th e  t o x ic  e f f e c t s  o f  o r g a n ic  com plexes and a n io n s  have been  made.
Many v a r i a t i o n s  and c o m b in a t io n s  o f  t h e  b a s i c  b i o l o g i c a l  w a s te w a te r  
t r e a tm e n t  p r o c e s s e s  have been  s tu d ie d ?  t h i s  g iv e s  th e  im p re s s io n  t h a t  much 
o f  th e  work i s  r e p e t i t i o u s .  C lo s e r  e x a m in a t io n  o f  th e  l i t e r a t u r e  shows 
t h i s  t o  be a f a l s e  im p re s s io n .  I n  s p i t e  o f  t h e s e  v a r i a t i o n s  i n  t r e a tm e n t  
p r o c e s s e s  th e  r e s u l t s  r e p o r t e d  have been  com plim en ta ry ;  some d e v i a t i o n  i s  
to  be e x p e c te d  when w ork ing  w i t h  a dynamic m ic r o b ia l  p o p u l a t i o n .
W ith t h e s e  id e a s  i n  mind and w i t h  a s p e c i f i c  a p p l i c a t i o n ,  namely 
th e  d e g r a d a t i o n  o f  p l a t i n g  w a s te s ,  t h i s  a u th o r  a t t e m p t s  to  d e f i n e  and 
d e s c r i b e  t h e  t o x i c  e f f e c t s  o f  s lu g  d o s e s  o f  d i v a l e n t  c o p p e r ,  h e x a v a le n t  
chromium and n i c k e l  io n s  on a t t a c h e d  sewage s l im e s .  C o n c e n t r a t io n s  up to  
10 mg/1 w i l l  be u se d ;  th e  m e t a l l i c  io n s  w i l l  be added t o  a n u t r i e n t  sub ­
s t r a t e  s in g l y  and i n  p a i r s .  The e f f e c t s  o f  s u b s t r a t e  c o n c e n t r a t i o n  in  
th e  ab sen ce  o f  t o x i c  m e t a l l i c  io n s  w i l l  a l s o  be s tu d i e d .
I n  o r d e r  t o  r e s t r i c t  th e  number o f  v a r i a b l e s  o n ly  one n u t r i e n t  sub ­
s t r a t e  w i l l  be u se d ,  l a c t o s e .  I n  o r d e r  to  b e t t e r  s im u la te  th e  c o n d i t io n s  
found in  a c o n v e n t io n a l  t r e a tm e n t  p l a n t  r e c e i v i n g  unexpec ted  s lu g  doses  
o f  t o x i c  m a t e r i a l ,  pH w i l l  be m o n ito red  b u t  n o t  c o n t r o l l e d .  The a u th o r  
r e a l i z e s  t h a t  t o x i c i t y  i s  a f u n c t i o n  o f  pH and n u t r i e n t  c o n c e n t r a t i o n ,  
b u t  assumes t h a t  pH changes d u r in g  each  ex p e r im en t  w i l l  be a p p ro x im a te ly  
th e  same from  experim en t  to  e x p e r im e n t .
CHAPTER I I
EXPERIMENTAL METHODS 
Reid (2 2 )  e x p e r im e n ted  w i th  th e  a p p l i c a t i o n  o f  r a d i o i s o t o p e  t r a c e r  
t e c h n i q u e s  t o  w a s te - w a te r  t r e a tm e n t  a t  t h e  Oak Ridge N a t io n a l  L a b o r a to ry  
and d e v e lo p e d  th e  b a s i c  n o n - e l e c t r o n i c  equipm ent used i n  th e  i n v e s t i ­
g a t i o n  l e a d i n g  to  t h i s  r e p o r t .  As i n d i c a t e d  i n  F ig u re  5 ,  th e  equipm ent 
c o n s i s t s  o f  a s e r i e s  o f  g l a s s  drum s, f r o s t e d  on the  o u t s i d e  by sand­
b l a s t i n g ,  mounted on p u l l e y s  and tu rn e d  by a c e n t r a l  s h a f t  d r iv e n  by a 
gea red  down e l e c t r i c  m otor . The g l a s s  drums r o t a t e  p a r t i a l l y  submerged 
i n  pans c o n ta i n in g  a n u t r i e n t  b r o t h .  In  t h i s  way the  o rgan ism s  grow ing 
on th e  drums a re  c o n t in u o u s ly  exposed  to  b o th  a s u b s t r a t e  and oxygen, 
e . g . ,  s l i m e ,  w a te r ,  a i r  i n t e r f a c e .  The growth o f  a t t a c h e d  s l im e s  was 
s t a r t e d  by i n i t i a l l y  " s e e d in g "  t h e  n u t r i e n t  b r o t h  w i th  raw sewage ob­
t a in e d  a t  th e  l o c a l  sewage d i s p o s a l  p l a n t .  The pans c o n ta i n in g  th e  
n u t r i e n t  b r o t h  were em ptied  and r e f i l l e d  w i th  a new b r o t h  q u i t e  f r e q u e n t l y  
u n t i l  a t h i c k  s l im e  was o b ta in e d .  Changing th e  n u t r i e n t  b r o th  o f t e n  
a s su re d  an  ample su p p ly  o f  food  f o r  th e  s l im e s  and a l s o  se rv e d  to  remove 
w a s te s  and m e ta b o l i c  b y - p r o d u c t s .
The s l im e s  grown i n  t h i s  manner c o n s i s t  o f  a m ix tu re  o f  a e ro b ic  
m ic ro o rg a n ism s .  C o n s id e ra b le  " t i n k e r i n g "  was n e c e s s a r y  to  l e a r n  to  grow 
a t h i c k  s l im e  which would rem ain  a t t a c h e d  to  th e  drum. I n n e r  l a y e r s  o f  
s l im e ,  covered  by su b seq u e n t  growth, were unab le  t o  g e t  th e  n e c e s s a r y  food
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F ig u re  5 , —The R o ta t in g  Drum A p p ara tu s
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o r  oxygen to  c a r r y  on m e ta b o lism . The t r u e  a e ro b e s  p ro b a b ly  d ie d  and th e  
f a c u l t a t i v e  a e ro b e s  became p re d o m in a n t .  With the  food  su p p ly  s e v e r e ly  
l i m i t e d ,  endogenous r e s p i r a t i o n  p roduced  gases?  t h e s e  g a se s  so reduced  
th e  t r a c t i v e  f o r c e s  betw een l a y e r s  o f  s l im e s  and be tw een  th e  s l im e s  and 
th e  drums t h a t  s lo u g h in g  o c c u r r e d .  I t  was le a rn e d  t h a t  s lo u g h in g  cou ld  
be p re v e n te d  by s e v e r e ly  l i m i t i n g  th e  a v a i l a b l e  food  as  soon as  a s a t i s ­
f a c t o r y  growth was o b ta in e d .  I n  t h i s  way a m a t r ix  was b u i l t  on which new 
s l im e  l a y e r s  co u ld  be q u i c k ly  grown. T h is  m a t r ix  e nab led  th e  a u th o r  t o  
keep an experim en t  on s ta n d - b y  r e a d i n e s s ;  a new s l im e  growth cou ld  be 
dev e lo p ed  i n  l e s s  th a n  24 h o u r s .
C e l l  growth depends  on th e  a b i l i t y  o f  c e l l s  to  u t i l i z e  th e  a v a i l a b l e  
s u b s t r a t e .  The c o n v e rs io n  o f  a v a i l a b l e  s u b s t r a t e  t o  energy  in  a form 
which can be used  by th e  c e l l  i s  c a l l e d  r e s p i r a t i o n .  E a r ly  m ic ro ­
b i o l o g i s t s  (23 )  d e f in e d  r e s p i r a t i o n  as  o c c u r r in g  o n ly  when oxygen was 
a b so rb e d ,  combined w i t h  food  and th e  o x id iz e d  p ro d u c t  e x c r e t e d .
P a s t e u r  (2 1 )  in  h i s  s t u d i e s  o f  a n a e r o b ic  m ic roo rgan ism s  d i r e c t e d  a t ­
t e n t i o n  to  a b ro a d e r  v ie w p o in t  in  w hich  r e s p i r a t i o n  i s  an exo therm ic  
r e a c t i o n  y i e l d i n g  f r e e  e n e rg y  to  l i v i n g  o rg a n ism s .  A more r e c e n t  d e f ­
i n i t i o n  s t a t e s  t h a t  r e s p i r a t i o n  i s  any e n e r g y - y ie ld in g  o x i d a t i o n  in  
which th e  o x id a n t  i s  an  o rg a n ic  compound. (2 4 )
Turney  (25 )  s t a t e s  t h a t  i t  i s  n o t  p o s s i b l e  to  g iv e  a p r e c i s e  d e f ­
i n i t i o n  o f  o x i d a t io n  b u t  s u g g e s t s  t h r e e  c l a s s e s  o f  r e a c t i o n s  be 
c o n s id e re d :
1. Loss o f  e l e c t r o n s
2. Loss o f  hydrogen
3. A c q u i s i t i o n  o f  oxygen.
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The r e v e r s i b l e  r e a c t i o n ;
o x i d a t io n  
Fe++ — : . - - l  Fet++ + e “
r e d u c t io n
i l l u s t r a t e s  th e  f i r s t  c l a s s  o f  r e a c t i o n .  Here f e r r o u s  i r o n  i s  o x id iz e d  
to  f e r r i c  i r o n  th ro u g h  th e  l o s s  o f  an e l e c t r o n .  The r e v e r s e  r e a c t i o n  
r e d u c e s  f e r r i c  i r o n  t o  f e r r o u s  i r o n  when Fe** g a in s  an  e l e c t r o n .
The second c l a s s  o f  r e a c t i o n ,  th e  l o s s  o f  hyd rogen , i s  c a l l e d  d e ­
h y d ro g e n a t io n .  I n  t h i s  c a se  hydrogen  i s  t r a n s f e r r e d  t o  some "hydrogen  
a c c e p t o r " .  For exam ple ,  e t h y l  a lc o h o l  i s  o x id iz e d ,  fo rm ing  a c e t a ld e h y d e , 
when two hydrogen atoms a r e  l o s t .
CHgOHgOH ------5*» CHgCHO + 2Ü* + 2e“
The hydrogen  l o s t  i n  th e  above r e a c t i o n  and in  s i m i l a r  r e a c t i o n s  i s  
" a c c e p te d "  o r  g a in ed  by a n o th e r  s u i t a b l e  s u b s ta n c e ,  o f t e n  an enzyme.
The enzymes i n  t u r n  a r e  d e h y d ro g e n a te d  o r  r e - o x i d i z e d  in  a n o th e r  p r o c e s s  
and th u s  r e a d ie d  f o r  use  a g a in .
I n  many c a s e s  oxygen combines w i th  th e  hydrogen  l o s t  by th e  enzymes.
H, + H^o
T h is  i l l u s t r a t e s  th e  t h i r d  c l a s s  o f  o x i d i z i n g  r e a c t i o n s .
T h e re  i s  a g r e a t  d i v e r s i t y  o f  s u b s t r a t e s  a v a i l a b l e  to  th e  m ic ro ­
o rgan ism s found in  a b i o l o g i c a l  w a s te w a te r  t r e a tm e n t  sy s tem . The o x i ­
d a t i o n  o f  th e  s u b s t r a t e  d u r in g  r e s p i r a t i o n  y i e l d s  th e  e n e rg y  n e c e s s a ry  
f o r  th e  l i f e  o f  th e  o rg an ism s .  The e ne rgy  o b ta in e d  from  o x i d a t i o n  i s  
s to r e d  i n  th e  chem ica l  bonds o f  s e v e r a l  p h o s p h a te  compounds. In  th e  
K reb ’s c y c le  o f  m e ta b o lism  p y r u v ic  a c id  i s  d eg raded  to  c a rb o n  d io x id e  
and w a te r ;  f o r  ev e ry  mole o f  p y r u v ic  a c id  d e g ra d e d ,  273 k i l o c a l o r i e s  o f  
energy  a r e  r e l e a s e d .  P h o sp h a te  compounds a r e  c a p a b le  o f  s t o r i n g  abou t
20
44 p e r c e n t  o f  t h i s  e n e rg y .  The r e s t  i s  l o s t  a s  h e a t .  I n  summary, i t  can 
be se en  t h a t  phospho rous  p l a y s  an im p o r ta n t  r o l e  in  m etab o lism .
Because o f  th e  c e l l u l a r  need f o r  phosphorous ,  Reid used P=32 to  
t r a c e  m eta b o lism . B i o l o g i c a l  w as te  t r e a tm e n t  p r o c e s s e s  a re  u s u a l l y  
m on ito red  and s tu d i e d  by m ea su r in g  th e  u p ta k e  o f  oxygen w hich  we have 
se e n  can be c o r r e l a t e d  to  th e  r e s p i r a t i o n  o f  th e  m ic ro o rg a n ism s  in v o lv e d .  
Many t e c h n iq u e s  a r e  a v a i l a b l e  t o  m easure  oxygen u p ta k e .  The t r a c e r  
t e c h n iq u e  has  b e e n  shown t o  be c a p a b le  o f  r e p r e s e n t i n g  th e  oxygen up­
t a k e .  (2 6 )  T hus ,  b i o a c t i v i t y  o r  u p tak e  o f  n u t r i e n t s  i s  m easured i n  term s 
o f  e i t h e r  m e ta b o lism  o r  oxygen u p ta k e .  T h is  u p tak e  o v e r  a p e r i o d  o f  t im e 
can  be f o rm u la te d  in  many w ays . The one used  by most r e s e a r c h e r s  and by 
Reid was a  f i r s t  o rd e r  d i f f e r e n t i a l  e q u a t i o n  where
* - k ' ( L - y )  ( 1 )d t
i s  th e  r a t e  o f  s u b s t r a t e  u t i l i z a t i o n ,d t
k i s  a p r o p o r t i o n a l i t y  f a c t o r  o f t e n  c a l l e d  th e  
" r e a c t i o n  r a t e  c o n s t a n t " ,  and
L-y  i s  th e  s u b s t r a t e  r e m a in in g .
The s o l u t i o n  o f  t h i s  e q u a t io n  y i e l d s
Ln (L -y )  = k ' t  (2 )
from  w hich  we o b t a i n
Log Q(L-y) = - 2 .3 0 3  k ' y  (3 )
or  Log^^(L -y)  m - K ' t  (4 )
Where K’ « 2 .303  k ' .
R e w r i t in g  e q u a t io n  ( 4 )  i n  n o n - lo g r i t h m ic  form  and d i v i d i n g  by L g iv e s :
1 : 2  « .  i o - K " t  (5 )
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h e re  ^  = ICT* and 10“^ * = 10"^
F i n a l l y ,  m u l t i p l y in g  e q u a t io n  (5 )  by 100 g iv e s  an e q u a t io n  e x p r e s s in g  
th e  p e r c e n t  rem a in in g  s u b s t r a t e  i n  te rm s  o f  "k ",  t h e  r e a c t i o n  r a t e  con­
s t a n t ,  and t im e .
^  X 100 s  10"^  ^ X 100 (6 )
X 100 s  lO-Kt+2 (7 )
When e q u a t io n  ( 7 )  i s  p l o t t e d  on s e m i - lo g r i t h m ic  g raph  p a p e r  a s t r a i g h t  
l i n e  w i th  a s lo p e  eq u a l  to  "k " i s  o b t a in e d .
log X 100 + K t-2  B 0 (8 )
The r e a c t i o n  j u s t  d e s c r ib e d  i s  c a l l e d  a f i r s t  o r d e r  r e a c t i o n  and a 
p l o t  o f  t h i s  r e a c t i o n  y i e l d s  th e  s t r a i g h t  l i n e  j u s t  d i s c u s s e d .  Unfor-' 
t u n a t e l y  th e  e n t i r e  r e a c t i o n  i s  n o t  a p u re  f i r s t  o rd e r  r e a c t i o n  b u t  r a t h e r  
a mixed r e a c t i o n  p r o b a b ly  o f  s e v e r a l  d i f f e r e n t  o r d e r s .  B e fo re  "k " can  be 
o b ta in e d  th e  " s t r a i g h t  l i n e "  p o r t i o n  o f  th e  r e a c t i o n  must be i s o l a t e d .
This  can  be done g r a p h i c a l l y .  (27 )
F ig u re  6 ( a )  i s  a t y p i c a l  p l o t  o f  th e  s u b s t r a t e  used by a m ic r o b ia l  
p o p u l a t i o n  as a f u n c t i o n  o f  t im e .  F ig u r e  6(b)  i s  a p l o t  o f  th e  food r e ­
m ain in g  as a f u n c t i o n  o f  t im e .  These f i g u r e s  h e lp  t o  d e f in e  ' l ' ', "Y", 
and "L -y " .  L i s  th e  t o t a l  s u b s t r a t e  u s e d ,  a l s o  c a l l e d  th e  " u l t i m a t e  sub­
s t r a t e " ,  y i s  th e  s u b s t r a t e  used in  any t im e i n t e r v a l .  L-y i s  t h e  d i f ­
f e r e n c e  betw een th e  t o t a l  s u b s t r a t e  u l t i m a t e l y  used and th e  s u b s t r a t e  used 
in  t im e ,  t .  I t  i s ,  th e n  th e  s u b s t r a t e  r em a in in g .  In  the  p r e s e n t  s tudy  
L and y r e f e r  t o  th e  P -32  i n  th e  s u b s t r a t e .  L i s  t h e  t o t a l  amount o f  P-32 
used  by th e  a t t a c h e d  s l im e s  and y i s  th e  P-32 used  in  t im e ,  t .
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Time
(b)
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F ig u re  6 .—- G r a p h ic a l  D e f i n i t i o n s  o f  L, y ,  L -y ,  and t
P h o sp h o ro u s-3 2 ,  P -3 2  i s  a r a d i o a c t i v e  i s o to p e  o f  phosphorous  w i t h  
a h a l f  l i f e  o f  a p p ro x im a te ly  14 d a y s .  I t  d ecays  w i th  th e  e m is s io n  o f  a 
n u c le a r  e l e c t r o n ,  a b e t a  p a r t i c l e ,  t o  form  s u l f u r  32, a n o n - r a d i o a c t iv e  
i s o to p e  o f  s u l f u r .  The e m i t te d  b e t a  p a r t i c l e  h as  a maximum energy  o f  
a bou t  1 .7  Mev, T h is  r a d i a t i o n  p a r t i c l e  r e a d i l y  r e a c t s  w i th  s ta n d a rd  
n u c le a r  d e t e c t i o n  equ ipm en t.
When P-32  i s  added t o  th e  s u b s t r a t e  i n  which g l a s s  drums and th e  
a t t a c h e d  s l im e s  a re  r o t a t i n g  th e  P -32  i s  removed from  th e  s u b s t r a t e  by 
th e  m ic roo rgan ism s  fo rm ing  th e  s l im e s .  A d e t e c t o r  p l a c e d  over  t h e  s l im e s
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m easu res  th e  u p ta k e  o f  th e  P -3 2  by th e  s l im e s .  The r a t e  o f  u p ta k e  in ­
c r e a s e s  q u i t e  r a p i d l y  a t  f i r s t  and c o n t in u e s  f o r  abou t  15 m in u te s .
D u r in g  t h i s  t im e  t e s t s  have shown t h a t  th e  up take  i s  a lm ost e n t i r e l y  due 
to  a d s o r b t i o n .  (2 6 )  S u b seq u en t  u p tak e  i s  a co m b in a tio n  o f  a d s o r b t i o n  and 
a s s i m i l a t i o n .  I t  i s  s u s p e c te d  t h a t  a d s o r b t io n  i s  a n e c e s s a ry  p h y s i c a l  
p r o c e s s  p r e c e d in g  a s s i m i l a t i o n .  The i n c r e a s e  in  p h o sp h a te  u p ta k e  r a t e  
c o n t in u e s  u n t i l  growth s t o p s .  A f t e r  c e s s a t i o n  o f  g row th  a s l i g h t  l o s s  o f  
p h o s p h a te  was n o te d .  T h is  i s  p ro b a b ly  due to  s lo u g h in g  o r  l i c i n g  o f  c e l l s .  
D a ta  from  a t y p i c a l  e x p e r im e n t  and th e  g raph  o f  t h e  d a t a  i s  shown in  
T a b le  4 and F i g u r e  7,
Each  count p e r  m inu te  a s  o b t a in e d  from  th e  G.M, tu b e  and s c a l a r  r e ­
p r e s e n t s  t h e  d e t e c t i o n  o f  a n u c l e a r  decay  o f  b e t a  p a r t i c l e .  Many b e t a  
p a r t i c l e s  go u n d e te c te d  b e c au se  t h e y  do n o t  p a s s  t h r u  th e  G,M, tu b e .  
S h i e ld i n g  a round th e  G,M. tu b e  p e r m i t s  o n ly  th o s e  b e t a  p a r t i c l e s  which 
come from  th e  s l im e s  t o  r e a c h  th e  t u b e .  T h e r e f o r e ,  d e t e c t i o n  o f  a b e ta  
p a r t i c l e  means the  s l im e s  had removed an atom o f  p h o sp h a te  from  th e  
s u b s t r a t e .
I n  o rd e r  t o  o b t a i n  a c o n t in u o u s  r e c o r d  and to  "smooth o u t "  th e  d a ta  
a l r e a d y  o b t a i n e d ,  a r e c o r d in g  r a t e - m e t e r  was employed a s  an a u x i l i a r y  
d e t e c t i o n  d e v ic e  i n  some o f  t h e  e x p e r im e n t s .  The r e c o r d in g  r a t e - m e te r  
r e c e i v e s  e l e c t r i c a l  im pu lses  from  th e  G.M, tu b e  in  th e  same manner as th e  
s c a l a r ,  b u t  an i n t e g r a t i n g  c i r c u i t  adds and a v e ra g e s  th e  incom ing p u l s e s  
o v e r  a s h o r t  p e r i o d  o f  t im e  and r e c o r d s  t h e  r e s u l t s  a s  c o u n ts  p e r  m inute 
on a moving c h a r t .  C o r r e l a t i o n  betw een th e  two d e t e c t i o n  m ethods was 
q u i t e  good. F ig u re  8 i s  a r e p r e s e n t a t i o n  o f  th e  c h a r t  p roduced  by th e  
r e c o r d in g  r a t e - m e t e r .
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TABLE 4
TYPICAL DATA OBTAINED IN THE EXPERIMENT
Time CPM
0 .0 3 8 4 ,0
1 .0 660 ,0
2 .0 8 5 4 ,0
3 .0 9 6 9 .0
4 .0 1119 .0
5 .0 1 217 .0
6 .0 1275 ,0
7 .0 1285.0
8 .0 1333 .0
9 .0 1354 .0
10 ,0 1376 .0
11 .0 1396 .0
1000 - ■
^  600"
200 - -
10 11
Time ( h o u r s )
*The o r i g i n a l  d a t a ,  t o t a l  c o u n ts  p e r  m in u te ,  has  been  changed 
to  n e t  c o u n ts  p e r  m inu te  by s u b s t r a c t i n g  th e  back g ro u n d .  Net 
c o u n ts /m in u te  -  T o t a l  c o u n ts /m in u te  -  background c o u n ts /m in u te ,
F ig u re  7 . —T y p ic a l  Curve o f  D a ta  (T a b le  4) O b ta in e d  
i n  th e  E xper im en t
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5000--
4500-.
4000--
S  3500--
3000--
2  2500--
2000 - -
1500--
1000 - -
500
12 13
Time (h o u r s )
F ig u r e  8 . —R e p ro d u c tio n  o f  T y p ic a l  "R ecord ing  R ate  
M e te r"  C har t
The e x p e r im e n ta l  d a t a  can be t r e a t e d  to  y i e l d  "K", th e  r e a c t i o n  
c o e f f i c i e n t s .  The "K" v a lu e s  o b ta in e d  under d i f f e r e n t  c o n d i t i o n s  can 
th e n  be compared. Both F ig u r e s  7 and 8 i n d i c a t e  a maximum number o f  
c o u n ts  p e r  m inu te  (maximum count r a t e ) .  L e t t i n g  th e  maximum count r a t e  
e q u a l  L and th e  h o u r ly  coun t  r a t e  e q u a l  y , i t  i s  p o s s i b l e  to  compute th e  
p e r c e n t  re m a in in g  phosp h o ro u s ,  x  100. When c o r r e s p o n d in g  v a lu e s  o f  
th e  lo g a r i th m  o f  x 100 and t im e a re  p l o t t e d  on q u a d r i l e  p a p e r  a  g raph  
such  as F ig u re  9 i s  o b t a i n e d .  The u se  o f  s ta n d a r d  l i n e a r  r e g r e s s i o n  
e q u a t io n s  and te c h n iq u e s  f o r  th e  l i n e a r  p a r t  o f  th e  cu rve  so o b ta in e d  
y i e l d s  "K", th e  s lo p e  o f  th e  l i n e .  I t  shou ld  be p o in te d  o u t  t h a t  F i g ­
ure  7 and F ig u re  9 a re  g raphs  o f  th e  same d a t a  t r e a t e d  i n  d i f f e r e n t  ways.
The methods used to  f i n d  "k " were deve loped  and j u s t i f i e d  by Reid
1
and Varma. (26 )  A mechanism u s in g  r o t a t i n g  g l a s s  drums, s i m i l a r  t o  th e  
equipm ent used i n  th e  p r e s e n t  s tu d y  was p la c e d  i n  a s e a le d  p l a s t i c  box
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1 , 6 -
1 .4 -
X 1.0- 
0 . 8 -
bCO
hJ
0 . 6 -
0.2
Time (h o u rs )
F ig u r e  9 . —P l o t  o f  Log 
in  T a b le  5,
i l l
L X 100 vs Time, Using D ata
TABLE 5
DATA USED TO PLOT FIGURE 9 
(FROM TABLE 4)
Time CPM ^  X 100 Log X 100
0 384 .0 7 3 .2 1.864663
1 660.0 53 .9 1,732213
2 854 .0 40 .4 1 .606898
3 9 69 .0 32 .4 1.510922
4 1119.0 2 1 .9 1.341778
5 1217 .0 15.1 1.179925
6 1275.0 11 .0 1.044861
7 1285.0 10 .3 1.016649
8 1333 .0 7 .0 0 .847782
9 1354.0 5 .5 0 .746550
10 1376 ,0 4 .0 0.606886
11 1396.0 2 .6 0.423239
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w i th  a p u re  oxygen a tm osphere .  A G.M, tu b e  was a l s o  s e a l e d  i n  t h e  box 
so P -32  u p ta k e  could  be m easured . Carbon d io x id e  evo lved  by r e s p i r a t i o n  
was removed by an a p p r o p r i a t e  a b s o r b e r ,  M anometric  p r e s s u r e  d e c r e a s e s  
i n  t h e  oxygen a tm osphere  r e p r e s e n t e d  oxygen u t i l i z a t i o n  by th e  m ic ro ­
organ ism s  and was compared w i t h  s im u l ta n e o u s  P -32  u p ta k e .  They conc luded  
t h a t  P -3 2  u p tak e  was c o r r e l a t e d  t o  oxygen u p tak e  and th e  growth r a t e  con­
s t a n t s ,  " k " ,  o b ta in e d  by e i t h e r  method were e q u a l l y  v a l i d .  P-32 u p tak e  
d a t a  was r e p r o d u c i b l e .  I t  was o b se rv e d  t h a t  th e  pH o f  th e  n u t r i e n t  b r o t h  
d e c re a s e d  d u r in g  th e  e x p e r im e n t  p r o b a b ly  due t o  m e ta b o l ic  b y - p r o d u c t s .  
Reid and Varma (26 )  f u r t h e r  conc luded  t h a t  th e  a t t a c h e d  s l im e s  c o n s i s t e d  
o f  a mixed p o p u l a t i o n .  No a t t e r p t  t o  i d e n t i f y  i n d i v i d u a l  s p e c i e s  was 
r e p o r t e d .
S p e c i f i c  E x p e r im e n ta l  T echn iques  
P r e l i m i n a r y  s t u d i e s ,  d u r in g  th e  p r e s e n t  i n v e s t i g a t i o n ,  were con­
d u c ted  t o  r e f i n e  t e c h n iq u e s  and t o  confirm  a d e q u a te  r e p r o d u c i b i l i t y .
"K" was r e p r o d u c ib l e  when s i m i l a r  n u t r i e n t  c o n c e n t r a t i o n s  were used ;  pH 
v a lu e s  were found t o  v a ry  d u r in g  an  e x p e r im e n t .  I n i t i a l  pH v a lu e s  av­
e raged  8 .3 ;  th e  f i n a l  pH o f  th e  s u b s t r a t e  was c o n s id e r a b ly  lower b u t  
n e v e r  l e s s  t h a n  6 .0 .  The i n i t i a l  pH o f  8 .3  and s t a b i l i z e d  pH o f  6 .8  was 
a r e p r o d u c ib l e  s te a d y  s t a t e  c o n d i t i o n .  The m ic r o b ia l  p o p u l a t i o n s  o f  th e  
a t t a c h e d  s l im e s  a re  a p p a r e n t ly  p r o d ig i o u s  a c id  p r o d u c e r s ;  a t t e m p ts  to  
s t a b i l i z e  th e  pH o f  t h e  s u b s t r a t e  a t  7 .0  r e q u i r e d  e x c e s s iv e  amounts o f  
p h o sp h a te  b u f f e r  s o l u t i o n s .  The u se  o f  l a r g e  amounts o f  p h o sp h a te  in  
th e  b u f f e r  compounds c r e a te d  g r e a t e r  prob lem s th a n  u t i l i z i n g  a c o n s i s t ­
e n t  and r e p r o d u c ib l e  phenomenon, a phenomenon t h a t  was b e l i e v e d  more 
r e p r e s e n t a t i v e  o f  r e a l  l i f e  c o n d i t i o n s .  I s o t o p i c  d i l u t i o n  was s u s p e c te d
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a s  th e  cau se  o f  t h e s e  p ro b le m s .  I s o t o p i c  d i l u t i o n  r e s u l t s  when th e  r a t i o  
o f  n o n - r a d i o a c t i v e  phospho rous  to  P -3 2  i s  h ig h ;  a l th o u g h  th e  a t t a c h e d  
s l im e s  a s s i m i l a t e  p h o sp h o ro u s ,  t h e  i n c r e a s e  i n  phosphorous  up take  i s  un­
d e t e c t a b l e  b e c au se  o f  low s p e c i f i c  a c t i v i t y .  S e v e ra l  a c e t a t e  b u f f e r s  were 
a l s o  t r i e d ;  b u f f e r i n g  c a p a c i t y  was e x tre m e ly  l i m i t e d .  When a c e t a t e  b u f ­
f e r s  were u s e d ,  th e  u p ta k e  r a t e s  o f  P -3 2  were v e ry  e r r a t i c  and i t  was 
im p o s s ib le  to  r e p ro d u c e  "k " v a lu e s ;  p o s s i b l y  becau se  th e  a c e t a t e  was 
used a s  a food  s o u rc e  su p p le m e n ta ry  t o  th e  l a c t o s e .
The e x p e r im e n ta l  b r o t h  was a lw ays  " s p ik e d "  w i th  3 m ic r o c u r ie s  o f  
P - 3 2 .  L a rg e r  amounts o f  P -3 2  tended  t o  o v e r lo a d  th e  d e t e c t i o n  a p p a r a tu s ,  
s m a l l e r  amounts in t ro d u c e d  s t a t i s t i c a l  p ro b lem s. P -32  was o b ta in e d  from  
a s u p p l i e r  in  a c a r r i e r  f r e e  s t a t e ,  meaning th e  o n ly  phosphorous  p r e s e n t  
was P - 3 2 .  At th e  b e g in n in g  o f  th e  i n v e s t i g a t i o n  i t  was f e a r e d  t h a t  th e  
s u b s t r a t e  m igh t be p hospho rous  l i m i t i n g ,  t h a t  t h e r e  was i n s u f f i c i e n t  
phosp h o ro u s  t o  p e r m i t  m e ta b o lism  o f  a l l  t h e  l a c t o s e  p r e s e n t .  A l iq u o t s  
o f  th e  s u b s t r a t e  were w ithd raw n  b o th  b e f o r e  and a f t e r  an e x p e r im e n ta l  
run  and e v a p o ra te d  t o  d r y n e s s  under  a h e a t  lamp. The maximum d e c re a s e  in  
r a d i o a c t i v i t y  was abou t 35 p e r c e n t .  A p p a r e n t ly  s u f f i c i e n t  phosphorous  
rem a ins  f o r  m e tab o lism .
The n u t r i e n t  b r o t h  was c o n ta in e d  in  t h r e e  3 /4  x 5 1 /2  x 9 1 /2  in c h  
aluminum b re a d  p a n s .  E ach  pan  was l a r g e  enough t h a t  two g l a s s  drums cou ld  
be r o t a t e d  s id e  by s i d e  i n  th e  same pan  i f  so d e s i r e d .  The drums were 
about 3 in c h e s  a p a r t .  I t  was th e  hope o f  th e  i n v e s t i g a t o r  t h a t  th e  a t ­
tac h e d  s l im e s  c u l t u r e d  i n  th e  same pan  would have s i m i l a r  growth c h a r ­
a c t e r i s t i c s .  The p ans  c o n ta i n in g  t h e  e x p e r im e n ta l  b r o th s  were sometimes 
a r ra n g e d  in  a  s i m i l a r  manner so s l im e s  grown t o g e t h e r  i n  a common n u t r i ­
e n t  b r o t h  were p la c e d  i n  a common b r o t h  f o r  an e x p e r im e n ta l  ru n .  When
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t h i s  was done th e  u p tak e  r a t e  o f  P -32  by th e  a t t a c h e d  s l im e s  on one drum 
c l o s e l y  approx im ated  th e  up take  r a t e  o f  P -32  on th e  o th e r  drum. O ther  ex­
p e r im e n ts  were conducted  i n  which drums p r e v i o u s l y  s h a r in g  a common b r o t h  
d u r in g  the  c u l t u r e  p e r i o d  were p la c e d  in  s e p a r a t e  pans c o n ta i n in g  s i m i l a r  
b r o th s  f o r  th e  e x p e r im e n t .  A ga in ,  u p tak e  r a t e s  were com parab le ,  ( s e e  
page 5 0 . )
Varma (26 )  showed t h a t  P-32 u p ta k e  was n o t  a f u n c t i o n  o f  s lim e 
t h ic k n e s s  b u t  o n ly  o f  th e  s lim e s u r f a c e .  In  o r d e r  t o  e n su re  t h a t  com­
p a r a b le  s l im e  s u r f a c e s  w ere used f o r  each  ex p e r im en t  th e  n u t r i e n t  b r o th  
was r e p la c e d  w i th  a b r o t h  n e a r l y  i d e n t i c a l  to  th e  e x p e r im e n ta l  b r o th  
abou t 15 h o u rs  b e fo r e  an  e x p e r im e n ta l  run . The re p la ce m e n t  b r o t h  con­
t a in e d  no t o x i c  m e t a l l i c  io n s  and no P -32 ; t h e  P -32  was r e p la c e d  w i th  
p o ta s s iu m  monobasic p h o s p h a te .  The P -32  was o b ta in e d  from  a commercial 
s u p p l i e r  as  p o ta s s iu m  m onobasic  p h o s p h a te  a l s o .
L a c to s e  c o n c e n t r a t i o n s  were d e te rm in e d  by e v a p o ra t in g  an a l i q u o t  
o f  p r e v i o u s l y  p r e p a r e d  s to c k  s o l u t i o n  to  d ry n e s s  and w e ig h in g .  Ammonium, 
ch ro m a te ,  and coppe r  c o n c e n t r a t i o n s  were found u s in g  c o l o r i m e t r i c  methods 
o u t l i n e d  by th e  Hach Chemical Company, Ames, Iowa, The Bausch and Lomb 
S p e c t r o n ic  20 c o lo r i m e te r  was used  f o r  t h e s e  m easu rem en ts .  G ra v im e tr ic  
methods were used t o  d e te rm in e  n i c k e l  c o n te n t ;  th e  d im e thy lg lyox im e  
coup le x  o f  n i c k e l  was used t o  p r e c i p i t a t e  th e  n i c k e l  f o r  t h i s  m easurem ent. 
The u p tak e  o f  P -32  was measured w i t h  a R a d ia t i o n  C oun te rs  L abora ­
t o r i e s  S c a la r  R ate  Meter Model 20324. A h a lo g e n  quenched , end window
2
G.M. tu b e  was u se d ;  th e  window t h ic k n e s s  was 4 ,5  mg/cm . The r e c o r d in g  
r a t e  m ete r  was m anufac tu red  by Atomic A c c e s s o r i e s ,  I n c ,
The s u b s t r a t e s  were made up u s in g  s e v e r a l  co m b in a tio n s  o f  n u t r i e n t  
and to x ic  m a t e r i a l s .  I n  a l l  c a se s  5 mg/1 o f  ammonium as  ammonium s u l f a t e
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was u s e d .  In  o r d e r  to  d e te rm in e  th e  e f f e c t  o f  n u t r i e n t  c o n c e n t r a t i o n ,  
f o u r  d i f f e r e n t  l a c t o s e  c o n c e n t r a t i o n s  were u s e d ,  250 m g/1, 500 m g/1,
750 mg/1 and 1000 m g/1. When p r e l i m i n a r y  s t u d i e s  i n d i c a t e d  t h a t  
1000 mg/1 o f  l a c t o s e  p roduced  th e  l a r g e s t  growth r a t e s  th e  d e c i s i o n  was 
made t o  use  t h i s  c o n c e n t r a t i o n  in  a l l  e x p e r im e n ts  i n v o lv in g  t o x i c  me­
t a l l i c  io n s .
The c o n c e n t r a t i o n  o f  t o x i c  m e t a l l i c  io n s  was v a r i e d  in  in c re m e n ts  
o f  2 mg/1 from  z e ro  mg/1 t o  10 m g/1. M ix tu re s  o f  m e t a l l i c  io n s  were a l s o  
u s e d .  In  s e v e r a l  c a s e s  e x p e r im e n ta l  c o m b in a tio n s  o f  t o x i c  m e t a l l i c  io n s  
were used  in  th e  s u b s t r a t e  b u t  th e  absence  o f  F -3 2  u p tak e  in d i c a t e d  t h a t  
g row th  was c o m p le te ly  i n h i b i t e d  and th e  ex p e r im en t  was abandoned. In  
s p i t e  o f  e f f o r t s  t o  c o n t r o l  s lo u g h in g  t h e r e  were t im e s  when s lo u g h in g  
o c c u r re d  d u r in g  an e x p e r im e n ta l  ru n .  When t h i s  happened th e  d a ta  ob­
ta i n e d  was d i s c a r d e d .
The l a b o r a t o r y  was a i r  c o n d i t io n e d  and k e p t  a t  a c o n s ta n t  tem­
p e r a t u r e  o f  24°C, R a th e r  th a n  t r y i n g  to  b u i l d  e l a b o r a t e  c o n s ta n t  tem­
p e r a t u r e  b a th s  a l l  e x p e r im e n ts  were ru n  a t  room te m p e r a tu r e .
CHAPTER I I I
RESULTS AND CONCLUSIONS 
The d i s c u s s i o n  on page  21 em phasizes  t h a t  th e  f i r s t  o r d e r  r e ­
a c t i o n  must be s e p a r a te d  from  th e  o t h e r s .  To do t h i s  t h e  o r i g i n a l  d a ta  
was c o n v e r te d  t o  lo g  x 100 and p l o t t e d  a g a i n s t  t im e .  A f i r s t
o r d e r  r e a c t i o n  o r  e q u a t io n  when th u s  p l o t t e d  y i e l d s  a s t r a i g h t  l i n e .  
P o i n t s  a t  e i t h e r  end o f  t h e  g raph  w hich o b v io u s ly  d id  n o t ^ l i e  on th e  
s t r a i g h t  l i n e  were d i s c a r d e d .  V isu a l  e x a m in a t io n  was used f o r  t h i s  s t e p .  
"K" i s  th e  s lo p e  o f  th e  b e s t  f i t t i n g  l i n e  a f t e r  e l i m i n a t i o n  o f  th e  o u t ­
l y i n g  end p o i n t s .  A l l  co m p u ta t io n s  and p l o t t i n g  was done w i th  th e  IBM 
360 /40  and IBM 1130 com puters  and a s s o c i a t e d  equ ipm en t.  S ta n d a rd  l e a s t  
s q u a re  r e g r e s s i o n  t e c h n iq u e s  were used t o  f in d  ”k " from x 100 vs t ,
A "K" va lue  o b ta in e d  from  th e  e x p e r im e n ta l  d a t a  i s  q u i t e  m eaning­
l e s s  by i t s e l f  and th e  "k " v a lu e s  must be compared a t  v a r i o u s  m e t a l l i c  
io n  c o n c e n t r a t i o n s  t o  d i s c e r n  t r e n d s .  The av e ra g e  "k '' v a lu e s  o b ta in e d  
from  th e  v a r io u s  b la n k  runs  have been  a r ra n g e d  a c c o rd in g  to  c o n c e n t r a t i o n  
i n  T ab le  6. A b lan k  run  i s  d e f in e d  as an ex p e r im en t  in  which no t o x ic  
m e t a l l i c  ions  were added to  the  s u b s t r a t e ,
A b lan k  run  was a lw ays perform ed c o n c u r r e n t ly  w i t h  an expe rim en t  
u s in g  t o x i c  m e t a l l i c  io n s .  L a c to se  c o n c e n t r a t i o n s  f o r  th e  t o x ic  and 
b la n k  s u b s t r a t e s  were th e  same and th e  v i s i b l e  c h a r a c t e r i s t i c s  o f  th e  
s l im e s  were s i m i l a r .  R e s u l t s  f o r  th e  v a r io u s  runs  in  which t o x i c  me­
t a l l i c  ions  were used a r e  g iv e n  in  T ab le  7, I n  o r d e r  t o  make com parisons
31
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ÎABLE 6
AVERAGE "K" VALUES FOR VARIOUS BLANK RUNS
L a c to se
C o n c e n t r a t io n
Cmg/1)
'ic'-' 95 % Confidencef o r
I n t e r v a l
250 0 .0985 0.0932 t o  0 .1038 8 runs
500 0 ,1234 0.1203 to  0 .1265 9 runs
750 0 .1580 0 .1377 to  0 .1783 9 runs
1000 0 .2222 0 .2086 t o  0 .2358 7 runs
TABLE 7
SYNOPSIS OF TOXIC EFFECTS OBTAINED WITH THE USE
OF METALLIC IONS IN THE SUBSTRATE
C o n c e n t r a t i o n  o f
M e t a l l i c Io n  in Run #1 Run #2 Run #3 Average
t h e  S u b s t r a t e % K % K % K % Ko o 0 o
mg/1 p e / 1
0 0 100,00 100,00 100,00 100.00
01-H 2 2 .3 1 8 2 .88 80.35 86 .72 83 .32
M 4 4 ,6 1 64.04 73 .97 71,73 69.79Ou 6 6 .92 57 .53 57.53 63.07 59.04
D 8 9 .22 4 4 .86 52.05 47,72 48.21
10 11.53 34 .93 37.44 39.83 37 .40
0 0 100.00 100.00 100.00 100.00
2 0 .6 8 7 8 .36 70.43 66.81 71.87
tHQ) 4 1 .3 6 52 .38 61.30 <» • 56,84
O 6 2 .0 5 3 9 .83 45.22 4 9 .12 44.72
• H% 8 2 .7 3 30 .74 30.00 26.99 29 .24
10 3 .41 23 .38 20 .43 20.35 21 ,39
0 0 100 .00 100.00 100 .00
2 0 .6 3 47.34 40 .30 43.82
UQ) 4 1 .26 4 1 .0 6 38.81 39.34
& 6 1 .89 39 .30 39.30Üc; 8 2 .52 4 1 .55 33.83 37 .69
10 3 .15 39.13 34.83 " “ 36 .98
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e a s i e r ,  r e s u l t s  have been e x p re s s e d  as  p e r c e n t  o f  K^; i s  t h e  growth 
r a t e  o f  th e  a t t a c h e d  s l im e s  i n  t h e  b la n k  s u b s t r a t e ,  Kugelman and McCarty 
(1 5 )  su g g e s t  t h a t  th e  t o x i c i t y  o f  m e t a l l i c  io n s  i s  a f u n c t i o n  o f  a tom ic 
w e ig h t  and v a le n c e ,  Reid ( 4 )  makes t h e  same o b s e r v a t io n .  In  o r d e r  to  
i n v e s t i g a t e  t h i s  le a d  f u r t h e r ,  e q u iv a l e n t  w e ig h ts  have been a l s o  used as 
a com parison . T a b le  7 l i s t s  c o n c e n t r a t i o n s  o f  m e t a l l i c  io n s  a s  b o th  
mg/1 and p e / 1 .  Complete l i s t i n g s  o f  t h e  d a ta  and a s s o c i a t e d  s t a t i s t i c a l  
a n a ly s e s  a re  g iv e n  on p a g e s  51, 52 , and 53.
F ig u re  10 i s  a p l o t  o f  th e  p e r c e n t  "K^" a g a in s t  c o n c e n t r a t i o n  o f  
t o x i c  m e t a l l i c  io n  on s e m i - l o g a r i th m i c  p a p e r .  T h is  f i g u r e  might be used 
a s  a p r e d i c t i v e  d e v i c e .  For exam ple , F ig u r e  10 p r e d i c t s  t h a t  a concen­
t r a t i o n  o f  7 mg/1 o f  chrom ate  w i l l  reduce  th e  growth r a t e  o f  a t t a c h e d
100 '
O - 0 ~ Chromate
A  ■ jA  N ic k e l
Copper
C o n c e n t r a t i o n  o f  M e t a l l i c  Io n s
(m g/1)
F i g u r e  1 0 .—T o x ic  E f f e c t  o f  M e t a l l i c  Io n s  on A t ta c h e d  S lim es
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s l im e s  t o  51 p e r c e n t  o f  th e  grow th  r a t e  w i th  no t o x i c  m e t a l l i c  io n s  p r e s ­
e n t .  No a t t e m p t  has  b een  made to  v e r i f y  t h i s  p r e d i c t i o n .  A com plete  
l i s t i n g  o f  th e  s lo p e s  and c o n f id e n c e  i n t e r v a l s  f o r  th e  c u rv e s  i l l u s t r a t e d  
by th e  f i g u r e  above i s  found on p a g e s  51, 52 , and 53 ,
F ig u re  11 i s  a l s o  a s e m i - l o g a r i th m i c  p l o t  o f  th e  p e r c e n t  "K  ^
a g a i n s t  c o n c e n t r a t i o n  o f  m e t a l l i c  io n s .  T h is  t im e c o n c e n t r a t i o n  i s  
g iv e n  i n  m ic r o - e q u iv a l e n t s  p e r  l i t e r .  When p l o t t e d  in  t h i s  f a s h i o n  i t  i s  
n o ted  t h a t  the  t o x i c i t y ,  r e p r e s e n t e d  by th e  s lo p e s  o f  t h e  l i n e s ,  changes .  
Chromate t o x i c i t y  d e c r e a s e s  s l i g h t l y  w h i le  th e  t o x i c i t y  due to  n i c k e l  
io n s  shows a g r e a t  i n c r e a s e .  When p e r c e n t  "K^" i s  p l o t t e d  a g a i n s t  mg/1 
o f  copper  a v e ry  d e f i n i t e  p l a t e a u  i s  e v i d e n t .  The u se  o f  p e / 1  a s  th e  
a b s c i s s a  has t h e  g r a p h i c a l  e f f e c t  o f  s h o r t e n in g  th e  i n t e r v a l  be tw een  d a t a
100
0 .....© ■ Chromate
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C o n c e n t r a t i o n  o f  M e t a l l i c  Io n s
( p e / 1 )
F ig u re  1 1 ,— Toxic E f f e c t  o f  M e t a l l i c  Io n s  on A ttac h e d  S l im e s
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p o i n t s ;  now, th e  p l a t e a u  d i s a p p e a r s  and i t  i s  seen  t h a t  copper  t o x i c i t y  
c o n t in u e s  t o  i n c r e a s e .
N ic k e l  ions  i n  t h e  p re s e n c e  o f  chrom ate  io n s  e x h i b i t  s y n e r g i s t i c  
b e h a v io r .  A s y n e r g i s t  i s  a s u b s ta n c e  which i n c r e a s e s  th e  e f f e c t  o f  a 
second s u b s ta n c e .  F o r  exam ple, e i t h e r  o f  two d ru g s  t a k e n  s e p a r a t e l y  may 
p roduce  a d e s i r a b l e  d e g re e  o f  s e d a t i o n ;  ta k e n  t o g e t h e r  th e  s e d a t i v e  e f ­
f e c t  may be g r e a t l y  compounded t o  th e  p o i n t  where an i n v o lu n t a r y  b o d i ly  
f u n c t i o n  such  as  b r e a t h i n g  i s  im pa ired  and d e a th  may r e s u l t .
N ic k e l  was added t o  s u b s t r a t e s  c o n ta i n in g  2 mg/1 and 4 mg/1 o f  
chrom ate  i o n s ;  copper was added to  a s u b s t r a t e  c o n ta i n in g  2 mg/1 o f  
chrom ate  i o n s .  R e s u l t s  a r e  shown i n  T ab le  8. i s  th e  growth r a t e
o f  th e  a t t a c h e d  s l im e s  when o n ly  t h e  chrom ate io n s  were p r e s e n t .
A s e m i - lo g a r i th m ic  p l o t  o f  'p e r c e n t  "K^"' a g a i n s t  c o n c e n t r a t i o n  o f  
m e t a l l i c  io n s  f o r  th e  m ix tu re s  g iv e n  i n  T ab le  8 i s  shown i n  F ig u r e  12. 
F ig u re  13 i s  a s i m i l a r  p l o t ;  } x e / l  i s  used in s t e a d  o f  m g/1, D a ta  i s  i n ­
com ple te  and s k e tc h y ,  b u t  th e  l i n e  r e p r e s e n t i n g  4 mg/1 chrom ate io n s  
p l u s  n i c k e l  ions  and th e  l i n e  r e p r e s e n t i n g  th e  m ix tu re  o f  2 mg/1 chrom ate 
io n s  and copper io n s  a p p ear  to  have l e v e l e d  o f f  on a p l a t e a u .  A t t e n t i o n  
i s  drawn to  th e  s i m i l a r i t y  w i t h  F ig u re  1 on page 6.
D i f f i c u l t i e s  e n c o u n te re d  due t o  s lo u g h in g  o f  th e  a t t a c h e d  s l im e s  
p re v e n te d  th e  a c q u i s i t i o n  o f  a d d i t i o n a l  d a t a .  Where v a lu e s  a r e  m is s in g  
in  th e  above t a b l e s ,  s lo u g h in g  d id  o c c u r .  Subsequen t a t t e m p t s  to  r e p e a t  
t h e  e x p e r im e n t  ended in  f a i l u r e  f o r  th e  same r e a s o n .
T ab le  9 l i s t s  th e  a v e ra g e  "K" v a lu e s  as  a f u n c t i o n  o f  mg/1 and 
m i c r o - e q u i v a l e n t s / 1 ,  ^ e / 1 ,  f o r  t h e  e x p e r im e n ta l  runs  u s in g  chrom ate  and 
n i c k e l  io n s ,  s i n g l y  and as  a m ix tu re .  P e r c e n t  i s  a l s o  l i s t e d ;  i s  
l i s t e d  a s  - 0 .2 2 2 ,  th e  mean v a lu e  o f  "K" f o r  a l l  b la n k  ru n s  u s in g  1000 mg/1
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TABLE 8
SYNOPSIS OF TOXIC EFFECTS OBTAINED WITH THE USE 
OF MIXTURES OF METALLIC IONS IN THE SUBSTRATE
C o n c e n t ra t io n  o f
M e t a l l i c Ion i n Run #1 Run #2 Average
th e  S u b s t r a t e % K % E % K
mg/1 > ie / l 0 o 0
2 2.31 100,00 100,00 100,00
2 0 .6 8 57,63 61.03 59 .33
(U+> 4 1.36 41.31 41.31
g %o ^u o 6 2 .05 33 .05 , . 33.05
o  % 8 2 .73 27 .12 21 .13 24,12
10 3.41 14,41 , , 14 ,41
4 4.61 100,00
2 0 .6 8
<D4->C3 W 4 1 .3 6s  ^oM U 6 2.05 44 ,62
Ü z 8 2 .73 44,09
10 3.41 , ,
2 2.31 100.00
2 0 .6 3 ,
(U
pj u 4 1.26 39.04e <u
2 & 6 1 .89rC Oo  o 8 2 .52 o o
10 3,15 39.26
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F ig u re  12 Toxic E f f e c t  o f  M ix tu re s  o f  M e t a l l i c  Io n s  
on A t ta c h e d  S lim es
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o f  l a c t o s e  as the su b s tr a te ,
TABLE 9
TOXIC EFFECTS OF MIXTURES OF METALLIC IONS
C oncentration
o f  T oxic  Ions  
mg/1 f ie/1  ,
K % X0
0 0 - 0 .2 5 1 100
2 2,31 - 0 .2 0 9 83,3
4 4 ,61 - 0 .1 7 4 69,3
6 6 ,92 - 0 ,1 4 9 59 .4
8 9 .2 2 - 0 .1 2 0 4 7 ,8
10 11,53 - 0 .0 9 3 37 .0
0 0 - 0 ,2 2 9 100
2 ,68 - 0 ,1 6 5 72.0
4 1 .3 6 - 0 .1 3 1 57 ,2
6 2 .05 - 0 .1 0 2 44,5
8 2 .7 3 - 0 ,0 6 7 2 9 ,3
10 3 .41 -0 ,0 4 6 20 .1
0 0 - 0 ,2 2 2 100
4 2 .9 9 - 0 ,0 8 8 39 .6
6 3 .5 6 - 0 ,0 3 9 17 .6
8 4 .35 - 0 ,0 3 8 - 17 .1
10 5 .03 - 0 ,0 1 7  / 7 .6
0
1
ë
%
Figure 13 i s  a se m i- lo g a r ith m ic  p lo t  o f  p ercen t  versu s  p e /1  o f
the  ions as l i s t e d  in  Table 9. L ine PA r e p r e s e n ts  percent fo r  a
n u tr ie n t  s u b s tr a te  c o n ta in in g  chromate ions  o n ly .  Line pd r e p r ese n ts
p ercen t  K f o r  a n u t r ie n t  su b s tr a te  which c o n ta in s  n ic k e l  as the  on ly  
0
t o x ic  m e t a l l i c  ion . Line OB, i s  l i n e  PD moved from i t s  normal p o s i t i o n  
p a ss in g  through = 100 percent to  i t s  p r e sen t  p o s i t i o n ;  the proper  
s lop e  has been m aintained in  t h i s  t r a n s f e r .  L ine PO r e p r e se n ts  the e f ­
f e c t  due to  2 .31  ^ ^ / l  o f  chromate io n .  As seen  in  Table 9, increments o f  
0 ,682  ^ e / 1  o f  n ic k e l  have been added to  2 ,31  ^ e / 1  o f  chromate; l i n e  OB
i l l u s t r a t e s  t h i s .  Line 00  i s  the b e s t  f i t t i n g  l i n e  fo r  p ercen t  when
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a  m ix tu re  o f  chrom ate  and n i c k e l  i s  added t o  th e  n u t r i e n t  s u b s t r a t e .
10 '
50--
©A
o
% K f o r  Chromate o
% K f o r  N ic k e l  o
O bserved V alues
o f  % K f o r  M ix tu re  o
E xpec ted  V alues
o f  % K f o r  M ix tu re  o
/ ie /1
F ig u re  13 .-=The T ox ic  E f f e c t s  o f  M ix tu re s  o f  M e t a l l i c  Ions
The l i t e r a t u r e  su rveyed  c o n ta i n s  no p r e c i s e  m a th e m a t ic a l  d e f ­
i n i t i o n  of sy n e rg ism . The a u th o r  p r o p o s e s  f i r s t  a g r a p h i c a l  d e f i n i t i o n  
o f  b o th  s y n e r g i s t i c  and a n t a g o n i s t i c  t o x i c  e f f e c t s .  I f  t h e r e  a re  no 
s y n e r g i s t i c  e f f e c t s  t h e n  t o x i c  e f f e c t s  shou ld  be a d d i t i v e  and p e r c e n t  
f o r  th e  n u t r i e n t  s u b s t r a t e  c o n ta i n in g  th e  m ix tu re  o f  m e t a l l i c  io n s  sh o u ld  
be o b t a i n a b le  as  p o i n t s  a lo n g  l i n e  OB; th e  X’s on l i n e  OB r e p r e s e n t  t h e
e x p e c te d  v a lu e s  o f  p e r c e n t  f o r  t h e  m ix tu re s  used  when n o n -sy n e rg ism
40
i s  assumed. For th e  c a se  o f  n o n -sy n e rg ism , l i n e  OB and l i n e  DC should  
c o i n c i d e ,
When s y n e r g i s t i c  e f f e c t s  a r e  p r e s e n t  p e rc e n t  E shou ld  be r e p r e ­
s e n te d  by a l i n e  whose s lo p e  i s  g r e a t e r  t h a n  the  s lo p e  o f  l i n e  OB; t h i s  
l i n e  shou ld  l i e  below l i n e  OB, as l i n e  00  does  i n  F ig u re  13. The 
marks a r e  the  e x p e r im e n ta l  v a lu e s  o b ta in e d  when th e  m ix tu re  o f  io n s  was 
u s e d .
A n t a g o n i s t i c  e f f e c t s  a re  d e f in e d  as th o se  c a se s  i n  which l i n e  00 
l i e s  above l i n e  OB, i . e . ,  th e  s lo p e  o f  l i n e  00  i s  l e s s  t h a n  th e  s lo p e  o f  
l i n e  OB, U sing  th e  d e f i n i t i o n s  d i s c u s s e d  above , n i c k e l  io n s  d i s p l a y  a^ 
s y n e r g i s t i c  t o x i c  e f f e c t  on a t t a c h e d  s l im e s  when added to  a s u b s t r a t e  
c o n ta in in g  chrom ate i o n s .
P e rh ap s  th e  p e rc e n t  d i f f e r e n c e  in  s lo p e s  betw een l i n e s  OB and 00 
can be used as a n u m er ica l  m easure  o f  sy n e rg ism  o r  an tagon ism . More 
p r e c i s e l y ,
p e r c e n t  e f f e c t  « ~ ^ 100
N e g a t iv e  p e rc e n ta g e  v a lu e s  i n d i c a t e  th e  p re s e n c e  o f  sy n e rg ism , p o s i t i v e  
v a lu e s  r e p r e s e n t  an tagon ism . S e v e ra l  l i m i t i n g  c a se s  m ight be d i s c u s s e d .  
When th e  a d d i t i o n  of th e  most m inute  amount o f  a s y n e r g i s t  s topped  a l l  
a c t i v i t y  00 would be v e r t i c a l  w i th  a u n d e f in e d  n e g a t iv e  s lo p e  and th e  
s y n e r g i s t  has an i n f i n i t e  e f f e c t .  Of c o u rs e  i f  l i n e  OB i s  a l r e a d y  a 
v e r t i c a l  l i n e  downward t h e r e  w i l l  be no e f f e c t  when a s y n e r g i s t  i s  
added. I f  l i n e  OB i s  a v e r t i c a l  l i n e  downward, th e  a d d i t i o n  o f  any 
a n ta g o n i s t  w i l l  cause 00  to  l i e  t o  th e  r i g h t  o f  OB, M a th e m a t ic a l ly ,  th e  
change in  th e  s lo p e  i s  i n f i n i t e ;  th e  b i o l o g i c a l  i n t e r p r e t a t i o n  o f  t h i s  
phenomenon i s  open to  q u e s t i o n .  A nother  c a s e ,  th e  a d d i t i o n  o f  an
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a n ta g o n i s t  might cause  OC to  go v e r t i c a l l y  upward; t h i s  s i t u a t i o n  i s  
ex tre m e ly  u n l i k e l y  and t h e  d i s c u s s i o n  i s  academ ic .
C o n c lu s io n s
In  rev ie w , t h e  o b j e c t i v e s  o f  t h i s  i n v e s t i g a t i o n  were:
1. To s tu d y  th e  t o x i c  e f f e c t s  o f  Cr*^, N i* ^ ,  and Cu*^ in  s lu g  d o s e s  
on a t t a c h e d  s l i m e s .
2, To d e p i c t  and e x p la i n  th e  e f f e c t s  o f  a s u b s t r a t e  c o n ta i n in g  known 
amounts o f  t o x i c  m e t a l l i c  i o n s ,  s i n g l y  and in  p a i r s ,  on c o n v e n t io n a l  
w as te  t r e a tm e n t  p r o c e s s e s .
These  o b j e c t i v e s  have been m et; new q u e s t i o n s  have b e e n  b ro u g h t  t o  th e  
f o r e g r o u n d .
The s tu d y  d e f i n i t e l y  d e m o n s t ra te s  t h a t  s lu g  do ses  o f  t h e  me­
t a l l i c  io n s  i n  q u e s t i o n  produce  t o x i c  e f f e c t s  on a t t a c h e d  sewage s l im e s .  
The e f f e c t  i s  more pronounced  f o r  some m e ta ls  th a n  f o r  o t h e r s  and th e  
s e v e r i t y  o f  th e  e f f e c t  i s  i n  a l l  i n s t a n c e s  a d i r e c t  f u n c t i o n  o f  th e  con­
c e n t r a t i o n  o f  t h e  m e t a l l i c  io n .  S u b s t r a t e s  c o n ta i n in g  m ix tu r e s  o f  
m e t a l l i c  io n s  e x h i b i t  a g r e a t e r  t o x i c  e f f e c t  t h a n  do th o se  s u b s t r a t e s  
which c o n ta i n  o n ly  a s i n g l e  s p e c i e s  o f  m e t a l l i c  io n .
The r e s u l t s  o f  th e  c u r r e n t  s tu d y  g e n e r a l l y  b e a r  o u t  and e x te n d s  
th e  c o n c lu s io n s  drawn by p r e v io u s  i n v e s t i g a t o r s .  The deg ree  o f  t o x i c i t y  
as found in  t h i s  s tu d y  d i f f e r s  from t h a t  r e p o r te d  e l s e w h e r e .  V a r i a t i o n s  
in  food  c o n c e n t r a t i o n ,  type  o f  fo o d ,  m ic r o b ia l  p o p u l a t i o n  d i f f e r e n c e s ,  
and e x p e r im e n ta l  te c h n iq u e  s i n g l y  o r  in  c o m b in a tio n  cou ld  w e l l  ac co u n t  
f o r  t h i s  o b s e r v a t i o n .  I t  i s  t o  be no ted  t h a t  growth r a t e  i s  a f u n c t i o n  
o f  l a c t o s e  c o n c e n t r a t i o n ,  as  shown i n  T a b le  6,
F ig u r e s  10 and 11 would i n d i c a t e  t h a t  sm a l l  c o n c e n t r a t i o n s  o f  cop­
p e r ,  th o se  l e s s  th a n  4 mg/1 o r  1 ,0  ; j e / l  a r e  e x tre m e ly  t o x i c  t o  a t t a c h e d
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s l i m e s ,  r e d u c in g  th e  g row th  r a t e s ,  and as  such , t h e  e f f i c i e n c y  o f  a 
t r e a tm e n t  p l a n t ,  to  40 p e r c e n t  o f  c a p a c i t y .  F u r t h e r  i n c r e a s e s  in  copper 
c o n c e n t r a t i o n  have l i t t l e  e f f e c t  on growth r a t e s .  P e rh ap s  t o x i c i t y  
i n c r e a s e s  a g a in  a t  much h ig h e r  c o n c e n t r a t i o n s .  Sm all c o n c e n t r a t i o n s  o f  
c opper  may c o m p le te ly  d e c im a te  c e r t a i n  m ic r o b ia l  s p e c i e s .  More r e s i s t ­
a n t ,  more s lo w ly  m e ta b o l i z in g  s p e c i e s  s u rv iv e  and c o n t in u e  t o  u t i l i z e  
P -3 2 ,  even a t  h ig h e r  c o p p e r  c o n c e n t r a t i o n s .
F i g u r e s  12 and 13 i n d i c a t e  t h a t  s i m i l a r  e f f e c t s  may occur  f o r  com­
b i n a t i o n s  o f  n i c k e l  and 4 mg/1 o r  4 .6 1  yie/1  o f  chrom ate  ions  and copper
r
w ith  2 mg/1 o r  2 .3 1  ^ e / 1  o f  chrom ate  i o n s .  Lack o f  d a t a  makes t h i s  con­
c l u s i o n  p r e c a r i o u s .  C om binations  o f  m e t a l l i c  io n s  may produce  r e a c t i o n s  
which reduce  th e  t r a c t i v e  f o r c e s  betw een th e  a t t a c h e d  s l im e s  and th e  g l a s s  
drum s, immediate s lo u g h in g  r e s u l t s .
The grow th  r a t e s  o f  a t t a c h e d  s l im e s  i n  c o n t a c t  w i th  s u b s t r a t e s  
c o n ta i n in g  t o x i c  m e t a l l i c  ions  may be e x p re s se d  as th e  p e r c e n t  o f  some 
" u l t im a te  growth r a t e " ,  such  as  When e x p re s s e d  in  t h i s  way t h e r e
a p p e a rs  to  be a l i n e a r  l o g a r i t h m ic  r e l a t i o n s h i p  betw een th e  growth r a t e  
and th e  t o x i c  m e t a l l i c  io n  c o n c e n t r a t i o n .
T he re  were t im e s  when d a t a  was b e in g  c o l l e c t e d  from  a s  many as 
12 g l a s s  drums c o n s e c u t iv e l y .  T h is  p e r m i t t e d  r a p id  a c c u m u la t io n  o f  d a t a ,  
b u t  l e f t  l i t t l e  t im e to  make a u x i l i a r y ,  bu t  no l e s s  im p o r ta n t ,  
o b s e r v a t i o n s .
Two id e a s  p r e s e n te d  i n  t h i s  p a p e r  a sk  f u r t h e r  s c r u t i n y .  I t  a p p e a rs  
t h a t  m e t a l l i c  io n  t o x i c i t y  as  a f u n c t i o n  o f  m ic r o - e q u iv a l e n t s  p e r  l i t e r  
g iv e s  p e r c e n t  "K^" v a lu e s  q u i t e  d i f f e r e n t  from  th o s e  p r e v i o u s ly  d e te rm in ed  
u s in g  mg/1 as th e  measure o f  c o n c e n t r a t i o n .  A com prehensive  s tu d y  u s in g
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e i t h e r  c o n v e n t io n a l  methods o r  th e  t r a c e r  methods d i s c u s s e d  i n  t h i s  
r e p o r t  m igh t r e s o l v e  t h e s e  d i f f e r e n c e s .  The i m p l i c a t i o n s  o f  t h e  p r o ­
posed  d e f i n i t i o n s  o f  s y n e r g i s t i c  and a n t a g o n i s t i c  e f f e c t s  need to  be 
s t u d i e d ,  d i s c u s s e d  and e x te n d e d .
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APPENDIX
"k " values for various blank runs
250 mg/1 L a c to se 500 mg/1 L a c to s e
"K" Y " "k " Y
-0.0909® -0 .9 9 4 3 -0 .1 1 6 3 -0 ,9 9 2 2
- 0 .0 9 6 8 * -0 .9 9 3 2 -0.1237® -0 .9 9 7 7
-0 .1 0 6 0 -0 .9 9 5 3 -0.1286® -0 .9 9 7 5
-0 .1 0 0 5 -0 .9 9 6 2 -0,1177® -0 .9 9 4 7
-0 .1 0 4 5 -0 .9 9 6 6 -0.1146® -0 ,9 8 9 5
-0 .0 9 4 0 -0 .9 9 5 9 -0 .1 1 6 8 -0 .9 9 3 5
-0 .1 0 3 8 -0 .9 9 5 1 -0 .1 3 2 2 -0 .9 9 3 1
-0 .0 9 1 9 -0 .9 9 1 7 -0 .1 1 5 3 -0 .9 8 3 1
-0 .1 3 6 2 -0 .9 9 7 8
Mean Value o f  "K" Mean V alue o f  "K"
-0 .0985 +0.0053 -0 .1 2 3 4 ±0.0031
750 mg/1 L a c to s e 1000 mg/1 L a c to s e
"K” Y "k" Y
- 0 .1 4 4 ? ‘ -0 .9 9 9 9 -0 .2 9 1 7 -0 .9 9 8 7
—-0 .1 4 3 2 * -0 .9 9 9 5 -0 .2 1 6 4 -0 .9 7 0 8
-0 .1 4 9 1 -0 .9 7 9 9 -0 .2 4 1 2 -0 .9 7 8 9
-0 .1 5 3 7 -0 .9 7 8 4 -0 .2 3 1 4 -0 .9 9 8 6
-0 .1 8 5 8 -0 .9 9 9 8 -0 .2 3 0 2 -0 .9 9 9 6
-0 .1 8 9 3 -0 .9 9 8 9 -0 .2 2 5 9 -0 .9 9 9 7
-0 .1 7 7 7 -0 .9 9 6 1 -0 .2 0 1 2 -0 .9 9 7 4
-0 .1 7 1 7 -0 .9 9 6 8 -0 .2 0 6 9 -0 .9 8 0 6
Mean Value o f  "K" Mean Value o f  "K"
-0 .1 5 8 0 t o . 0203 -0 .2 2 2 2 +0.0136
a C o e f f i c i e n t  o f  c o r r e l a t i o n  f o r  "k " ,
2
P a i r s  o f  drums w i th  a t t a c h e d  s l im e s  grown i n  common n u t r i e n t  
b r o th s  and p la c e d  in  common e x p e r im e n ta l  b r o t h s  ( s e e  pg . 2 8 ) .
3
P a i r s  o f  drums w i th  a t t a c h e d  s l im e s  grown i n  common n u t r i e n t  
b r o th  and t e s t e d  i n  s e p a r a t e  e x p e r im e n ta l  b r o t h s  ( s e e  p g .  2 8 ) .
4 95 p e r c e n t  c o n f id e n c e  i n t e r v a l .
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”K" VALDES FOR VARIOUS RUNS USING CHRCWATE AS THE TOXIC ION
Oomcemtratiom o f Run #1 Run #2 Run #3
Qmromate I o n s
mg/1 ja e /1 "K" "K" Y "K" Y
0 0 -0 .2 9 1 7 -0 .9 9 8 7 -0 ,2 1 6 4 - 0 .9 7 0 8 -0 .2 4 1 2 -0 .9 7 8 9
2 2 .3 1 -9 .2 9 1 7 -0 .9 9 6 5 - 0 .1 7 5 7 - 0 .9 9 5 9 -0 .2 0 8 8 -0 .9 9 0 9
4 4 .6 1 -0 ,1 8 7 4 -0 .9 9 0 9 -0 .1 6 2 3 -0 .9 9 1 2 -0 .1 7 2 3 -0 .9 9 5 2
6 6 .9 2 -0 .1 6 7 6 -0 .9 9 6 6 - 0 .1 2 5 7 -0 .9 9 0 4 -0 .1 5 1 9 -0 .9 9 9 5
8 9 .2 2 -0 ,1 3 0 5 -0 .9 9 1 5 -0 .1 1 3 4 -0 .9 1 8 0 - 0 .1 1 5 3 -0 .9 8 9 5
10 1 1 .5 3 -0 ,1 0 2 2 -0 .9 7 9 3 - 0 .0 8 1 9 -0 ,8 2 1 6 - 0 ,0 9 6 4 -0 .9 8 0 3
PERCENT K FOR o VARIOUS RUNS USING CHROMATE AS THE TOXIC ION
C o n c e n tr a tio n  o f Run #1 Run #2 Run #3
Cnromate Io n s
H g/1 % Ko Log % % Ko Log % % Ko Log % X
0 1 0 0 .0 0 2 .0 0 0 1 0 0 .0 0 2 .0 0 0 1 0 0 .0 0 2 .0 0 0
2 8 2 .8 8 1 .9 1 8 8 0 .3 6 1 .9 0 5 8 6 .7 2 1 .9 3 8
4 6 4 .0 4 1 .8 0 6 7 3 .9 7 1 .8 6 9 7 1 .3 7 1 ,8 5 4
6 5 7 .5 3 1 .7 6 0 5 7 .9 9 1 .7 6 3 6 3 .0 7 1 .8 0 0
8 4 4 .8 6 1 .6 5 2 5 2 .0 5 1 .7 1 6 4 7 .7 2 1 .6 7 9
10 3 4 .9 3 1 .5 4 3 3 7 .4 4 1 .5 7 3 3 9 .8 3 1 .6 0 0
S lo p e  -  '95% C .I . - 0 .0 4 5 2 ± 0 .0 0 8 0 - 0 .0 4 0 8 ± 0 .0 1 2 8 -0 .0 4 2 5 ± 0 .0 0 6 8
Y - 0 .9 9 3 0 - 0 .9 7 8 5 -0 .9 9 4 2
"K" VALUES FOR VARIOUS RUNS USING NICKEL AS THE TOXIC ION
C o n c e n tr a t io n  o f  
N ic k e l  I o n s
Run #1 Run #2 Run #3
IBg/l - p e / 1 "K" V "K" Y "k " Y
0 0 -0 .2 3 1 4 - 0 .9 9 8 6 -0 .2 3 0 2 -0 .9 9 9 6 -0 .2 2 5 9 -0 ,9 9 9 7
2 0 .  68 -0 .1 7 2 3 -0 .9 9 7 9 -0 .1 6 2 3 - 0 .9 9 5 7 - 0 ,1 5 1 2 -0 ,9 8 2 9
4 1 .3 6 -0 .1 2 1 4 - 0 .9 7 4 8 - 0 .1 4 0 8 -0 .9 7 0 5 -0 .0 0 0 0 -0 ,0 0 0 0
ê 2 .0 5 -0 .0 9 1 6 - 0 .7 0 7 1 - 0 .1 0 4 4 - 0 .9 8 9 4 - 0 ,1 1 0 7 -0 ,9 6 4 9
8 2 .7 3 - 0 .0 7 0 9 - 0 .9 9 3 6 -0 .0 6 8 8 - 0 ,9 8 4 0 -0 ,0 6 0 9 -0 ,9 3 3 7
10 3 .4 1 - 0 .0 5 4 0 - 0 .9 5 1 4 -0 ,0 4 6 9 -0 .7 9 9 7 -0 ,0 4 6 0 -0 ,9 7 9 5
PERCENT K FOR VARIOUS RUNS USING NICKEL AS THE TOXIC ION o
to
C o n c e n tr a tio n  o f  
N ic k e l  Io n s Run #1 Run #2 Run #3
m g/1 % K o Log % % K^ Log % KD %Ko Log % K
0 1 0 0 .0 0 2 ,0 0 0 1 0 0 .0 0 2 ,0 0 0 1 0 0 .0 0 2 ,0 0 0
2 7 8 .3 6 1 .8 9 4 7 0 .4 3 1 ,8 4 8 6 8 ,8 1 1 ,8 2 5
4 5 2 .3 8 1 .7 1 9 6 1 ,3 0 1 .7 8 8
6 3 9 ,8 3 1 ,6 0 0 4 5 ,2 2 1 .6 5 5 4 9 ,1 2 1 ,6 9 1
8 3 0 .7 4 1 ,4 8 8 3 0 .0 0 1 ,4 7 7 2 6 .9 9 1 ,4 3 1
10 2 3 .3 7 1 ,3 6 9 2 0 .4 3 1 .3 1 0 2 0 ,3 5 1 .3 0 9
S lo p e  ± 95% C .I . - 0 ,0 6 4 1 ± 0 .0 0 8 8 - 0 .0 6 9 3 ± 0 .0 1 7 4 -0 ,0 6 6 6 ± 0 ,0 3 6 2
X -0 .9 9 5 7 -0 ,9 8 6 0 -0 ,9 6 3 7
T t” VALDES ¥ m  WRIOUS RWS USING (XfPPER AS THE TOXIC ION
C o n c e n tr a t io n  o f Run #1 Run #2
C ooper Io n s
Yj» e A "K" Y "K"
0 0 0 .2 0 1 2 - 0 .9 9 7 4 -0 .2 0 6 9 -0 .9 8 0 6
2 0 .6 3 -0 .0 8 0 9 - 0 .9 6 8 0 -0 .0 9 7 6 -0 .9 8 5 3
4 1 .2 6 - 0 .0 7 7 6 - 0 .9 7 5 9 -0 .0 8 5 3 -0 .9 9 7 5
6 1 .8 9 - 0 .0 7 8 6 -0 .9 9 8 9
8 2 .5 2 - 0 .0 6 7 6 -0 ,9 9 3 0 -0 .0 8 5 9 -0 .9 9 3 0
1 0 3 .1 5 - 0 .0 7 0 0 - 0 .9 9 9 7 - 0 .0 8 0 6 -0 .9 6 7 5
PERCENT K FOR VARIOUS RUNS o USING COPPER AS THE TOXIC ION
C o n c e n tr a t io n  o f Run #1 Run #2
Q ^ p e r Io n s
m g/1 %Ko Log % %Eo Log %
0 1 0 0 .0 0 2 .0 0 0 1 0 0 ,0 0 2 .0 0 0
2 4 0 .3 0 1 .6 0 5 4 7 .3 4 1 .6 7 5
4 3 8 .8 1 1 .5 8 9 4 1 .0 6 1 .6 1 3
6 3 9 .3 0 1 .5 9 4
8 3 3 .8 3 1 .5 2 9 4 1 .5 5 1 .6 1 9
10 3 4 .8 3 1 .5 4 2 3 9 .1 3 1 .5 9 2
S lo p e ± 95% C .I . -0 .0 0 9 3 ± 0 .0 0 8 0 -0 .0 0 8 0 ± 0 .0 0 6 1
Y - 0 ,8 6 6 6 -0 .8 2 7 6
U lOJ
VALUES FOR VARIOUS RUNS USING MIXTURES OF CHROMAIE AND NICKEL IONS
G o B ceB tra tio n s  o f  M e t a l l i c  Io n s
Qnrœmaîe N ic k e l T o ta l
Run
“K"
#1 Run
"K"
#2
rm g/1 p B / \ m g /i / i e / 1 m g/1 j i e / 1 Y
2  2 .3 1 0 0 2 2 .3 1 - 0 ,1 1 9 0 -0 .9 9 8 7 -0 .2 1 3 4 -0 .9 9 9 2
2  2 .3 1 2 0 .6 8 4 2 .9 9 - 0 .0 6 8 0 - 0 .7 6 7 0 -0 .1 2 9 7 -0 .9 9 7 4
2  2 .3 1 4 1 ,3 6 6 3 .5 6 - 0 .0 8 7 6 -0 .9 6 1 9
2 2 .3 1 6 2 .0 5 8 4 ,3 5 - 0 .0 3 8 8 - 0 .9 8 7 6
2 2 ,3 1 8 2 .7 3 10 5 .0 3 -0 .0 3 1 8 - 0 .8 0 4 6 -0 .0 4 5 2 -0 .9 9 3 6
2  2 .3 1 10 3 ,4 1 12 5 .7 1 -0 ,0 1 7 0 - 0 .6 8 3 2
PERCENT K FOR VARIOUS RUNS USING o MIXTURES OF
CBRCMATE AND NICKEL IONS
■C oncentrations o f  M e t a l l ic  Io n s
Chromate
m g/1
N ic k e l
m g/1
T o ta l
m g/1
Run
% Ko
#1
Log % K
Run
% Ko
#2
Log % K
2 0 2 1 0 0 ,0 0 2 ,0 0 0 1 0 0 .0 0 2 .0 0 0
2 2 4 5 7 ,6 3 1 ,7 6 1 6 1 .0 3 1 .7 8 6
2 4 6 4 1 .3 1 1 .6 1 6
2 6 8 3 3 .0 5 1 .5 1 9
2 8 10 2 7 ,1 2 1 .4 3 3 2 1 .1 2 1 .3 2 5
2 10 12 1 4 ,4 1 1 ,1 5 9 . ,
S lo p e  ±  95% C .I . -0 ,0 7 0 8 t o . 0329 -0 .0 7 6 2 ± 0 .0 0 9 4
-0 ,9 7 3 1 -0 .9 9 9 3
"k" values for various runs u sin g  chromate AND NICKEL AND
CHROMATE AND COPPER AS THE TOXIC IONS
C o n c e n t r a t io n s  o f  M e t a l l i c  Ions
Chromate 
mg/1 ;a e / l
N ic k e l  
mg/1 } i e / l
T o ta l  
mg/1 p e /1 "K" r % K0
4 4 .6 1 0 0 4 4 .6 1 -0 .1 7 4 0 -0 .9 9 2 4 100,00
4 4 .61 6 2 .0 5 10 6.66 -0 .0 8 3 3 -0 .9 967 4 7 .8 8
4 4 .61 8 2 .7 3 12 7.34 - 0 .0 8 1 7 -0 .9 9 1 1 45 .98
C o n c e n t r a t io n  o f  M e t a l l i c Io n s
Chromate 
mg/1 ^ e / 1
Copper 
mg/1 ^ e / 1
T o t a l  
mg/1 /ae/1 % K0 Ul
2 2 .31 0 0 2 2 .31 -0 ,2 2 9 5 - 0 . 9 9 7 2 100 .00
2 2 .3 1 4 1.26 6 3 .5 9 - 0 ,0 8 9 8 - 0 . 9 9 8 9 39.17
2 2 .31 10 3 .15 12 5 .4 6 -0 .0 9 0 3 -0 .9 9 8 6 39 .30
Because o f  i n s u f f i c i e n t  d a t a  th e  s lo p e  o f  t h e  Log % was 
n o t  c a l c u l a t e d  f o r  e i t h e r  o f  th e  ru n s  above.
